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Multifunctional polymer systems with specific functionality and strength are developed 
by integrating diverse polymers into physically and chemically compatible composite 
structures. The concept has been achieved repeatedly in nature in examples such as the 
human skin or stimuli-responsive plants, where sensory or actuating mechanisms are part 
of a structurally sound system. Similar ideas can be extended to polymeric materials by 
incorporating hydrophilic ionic groups within hydrophobic non-ionic polymers to achieve 
desired functionality and mechanical strength respectively. This notion has been the focus 
of this work that is broadly categorized into investigations at the molecular and 
mesoscopic length scales.  
At the molecular scale, three strategies were investigated for thermoset 
functionalization. First, ionic groups were grafted on nanoporous and hydrophobic 
epoxy-amine thermosets via sulfonation. Second, copolymerization of hydrophobic 
diglycidyl ether of bisphenol A vinyl ester (VE) and hydrophilic 2-Acrylamido-2-methyl-
1-propanesulfonic acid (AMPS) was investigated. Reactivity ratios were used to 
determine the distribution of VE and AMPS in a copolymer network based on the Mayo-
Lewis terminal model. Links between structure and properties such as water uptake, 
proton conductivity, and proton mobility were elucidated. Fuel cell performance was 
 
xxvii
evaluated and compared to Nafion®117. Third, functionalized epoxy thermosets were 
prepared by the encapsulation of reactive or non-reactive ionic liquids. 1-ethyl 3-methyl 
imidazolium dicyandiamide exhibited thermally latent cure behavior and tunable network 
hydrophilicity, modulus, and glass transition temperatures.  
At the mesoscopic length scale, two strategies were investigated in developing 
polymer-polymer composites. First, fiber-thermoplastic matrix composites were 
developed as selective permeation membranes and proton conductive membranes. This 
was achieved by encapsulating, within a thermoplastic matrix, either hydrophobic fibers 
with grafted ionic groups or hydrophilic fibers. A combination of microscopy, 
permeability measurements and proton conductivity were used to assess composite 
performance. Correlations between the spatial location of ionic groups and proton 
mobility were developed and extended to understand the effects of polymer structure. 
Second, ionomer-thermoset composites were developed as potential self-healing 
materials designed to combine crack-repair characteristics of the ionomer with the 
mechanical strength of the thermoset. Since an unmodified epoxy-amine thermoset also 
exhibits significant healing, a fundamental understanding on the crack-healing behavior 
of epoxy-amine thermosets was developed.  
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CHAPTER 1: INTRODUCTION AND BACKGROUND  
 
1.1 Motivation and Objectives 
 
Multifunctional composites can be defined as structural composites which possess 
mechanical strength and additional integrated functionalities such as conduction, 
actuation, power generation, or magnetic properties 1, 2. Constituent materials in these 
composite structures can differ distinctly from each other, making it necessary to 
fabricate systems in which the constituents are physically and chemically compatible 
with each other 3. This has repeatedly been achieved in nature, an example is the human 
skin 1 where sensory, protective, and responsive functions operate in conjunction. Similar 
examples are responsive plants (mimosa pudicia, Venus Fly Trap4) that combine unique 
response mechanisms to environmental stimuli with mechanical and dimensional 
stability. Such systems may be defined as examples of multifunctional behavior in the 
sense that unique combinations of strength and functionality are joined in a composite 
structure. Several aspects need to be considered when designing such systems 3 with the 
most significant one being the choice of materials needed to achieve the required 
performance.  
Several polymeric materials have been synthesized to individually demonstrate 
properties such as electroactivity 5, remendability 6, piezoelectricity 7, semiconductivity 8, 
or photoconductivity 9. The deterministic combination of more than one property of such 
polymers into a single working system can then exemplify one aspect of 
multifunctionality 10. Based on chemical structure and resulting properties, polymers can 
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be broadly classified as hydrophobic or hydrophilic in nature. Polymers with a large 
fraction of non-ionic moieties such as aromatic groups, fluorinated species, or long alkyl 
chains are hydrophobic in nature and generally possess superior mechanical properties 
and environmental stability. On the other hand, polymers containing ionic groups, such as 
hydroxyl or sulfonic, methacrylic and carboxylic acid, are generally hydrophilic and 
readily dissolve or swell in water with corresponding ion dissociation and a loss of 
mechanical integrity. Combining ionic and non-ionic polymers in a controlled manner 
could result in composites with mechanical strength due to the non-ionic fraction, and 
additional functionality due to the ionic fraction. The thermodynamic dissimilarity 
between these polymers makes their combination to form a useful composite challenging. 
Yet, a variety of applications can be realized by following the design strategy of 
combining hydrophilic and hydrophobic polymers.  
The principal objective of this dissertation is to explore, in detail, the rational 
development of polymeric systems with tunable properties, based on the balance between 
non-ionic, hydrophobic groups, and ionic, hydrophilic groups. This dissertation can then 
be broadly divided into two objectives (i) the development of systems at the molecular 
length scale, and (ii) the development of systems at the mesoscopic length scale. Based 
on these objectives, and within the general theme of combining ionic and non-ionic 
systems, a number of goals are established. Each goal is linked to a different application, 
as presented in Figure 1.1, and shows the versatility of using such a design strategy.  
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1.1.1 Molecular Length Scale 
At the molecular level, polymer functionalization is investigated from the viewpoint of 
using hydrophobic thermosets as a mechanically-rigid backbone onto which hydrophilic 
and functional units may be judiciously grafted. Out of several ionic groups, the sulfonic 
acid group is one of interest and has found widespread use in proton exchange 
membranes for fuel cell applications (as explained further in section 1.2.2). The sulfonic 
acid group has been chosen as the ionic species used to modify hydrophobicity in 
polymers and is discussed further.  
The first goal is to investigate the possibility of functionalizing epoxy-amine 
thermosets with sulfonic acid groups. It is expected that modification of a non-ionic 
template in such a fashion would also improve network hydrophilicity. An epoxy-amine 
system was initially chosen due to the possibility of incorporating structural effects 
associated with porosity using specifically designed nanoporous epoxy-amine polymer 
networks 11. Chapter 2 discusses a sulfonation technique to improve the hydrophilicity of 
epoxy-amine thermosets synthesized using this technique.  
The second goal is to copolymerize sulfonic acid group containing monomers with 
hydrophobic and crosslinkable monomers in the presence of a solvent. An advantage of 
this method is that porosity, spatial separation of sulfonic acid groups, and mechanical 
properties can be controlled at the outset by choosing appropriate solvent and comonomer 
concentrations. Prior to assessing membrane properties, effective solvent/monomer 
formulations need to be identified to determine appropriate 
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Figure 1.1 Schematic diagram showing the concept of utilizing different techniques for 
combining ionic species with non-ionic polymers at molecular and mesoscopic length 
scales with links to potential applications.   
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polymerization conditions. This can be quantified via a kinetic analysis of reactions 
occurring in systems comprised of both hydrophobic and hydrophilic monomers. 
Subsequent variations in properties can also be probed by characterizing the links 
between porosity and the balance between network hydrophobicity and hydrophilicity in 
terms of the water uptake characteristics and proton conductivity. The connection 
between network structure and corresponding properties can be further appreciated using 
an effective proton mobility 12, defined by  
 
)( 3 HSOF
eff
−
=
σμ  1.1 
where (-SO3H) is the sulfonic acid group concentration, F is Faradays constant, and σ is 
the proton conductivity. Linking mechanical properties, proton conductivity and water 
uptake characteristics of these systems can be applied to obtain a better understanding of 
requirements for suitable membranes in a fuel cell. Chapters 3 and 4 detail the links 
between structure and resulting properties for polymer networks synthesized using 
hydrophobic and hydrophilic monomers.  
The third and final goal of thermoset functionalization at the molecular length scale is 
to investigate the use of ionic liquids as media to tailor the hydrophobicity, thermal, and 
mechanical properties of epoxy thermosets. Within the scheme of using ionic liquids, two 
potential cases are discussed. First, an ionic liquid with suitable functional groups may be 
reacted into an epoxy thermoset to result in covalently bound ionic groups. Second, ionic 
liquids may be homogenously dispersed through a thermoset under conditions where the 
miscibility between the ionic liquid and thermoset can be maintained. Both these cases 
are discussed in chapter 5 as novel methods to incorporate ionic groups and significantly 
alter network properties.  
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1.1.2 Mesoscopic Length Scale 
At mesoscopic length scales, two goals are established within a framework of 
developing polymer-polymer composites, in which each polymer is either hydrophobic or 
hydrophilic. Each goal is explained in detail in the following section.  
The first goal is the development of fiber-thermoplastic matrix composites, where 
either hydrophobic fibers with grafted hydrophilic groups or completely hydrophilic 
fibers are used, These fibers are subsequently encapsulated within a thermoplastic matrix. 
This is a subset of any possible combination between a grafted or non-grafted, 
hydrophilic or hydrophobic filler and matrix. In the case of grafted fibers, it is necessary 
to ensure that the grafting thickness is maintained as a thin, uniform layer along the fiber 
surface, while preventing fiber surface damage during processing. Subsequently, for any 
type of fiber within a thermoplastic matrix, it is necessary to evaluate (i) the interface 
between the fiber and the matrix, (ii) surface exposure of these fibers, and (iii) 
connectivity between fibers through the bulk volume of the composite. Each of these is 
an important consideration in fabricating fiber-thermoplastic matrix composite 
membranes and is evaluated for different polymers. An evaluation using a combination of 
microscopy, proton conductivity, and vapor transport measurements can provide clues 
into the utility of fabrication techniques employed and potential extension for other 
material types which are explained in chapters 6 and 7.  
The second goal associated with the structural design at the mesoscopic length scales 
is the development of ionomer-thermoset composites for applications as materials with 
the ability to repair cracks, that is, exhibit self-healing capacity. The encapsulation of an 
ionomer within a thermoset combines the anticipated self-healing properties of the former 
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with the mechanical strength of the latter. Encapsulation is achieved by preparing porous 
ionomer structures in which the pore volume is back-filled with a thermosetting polymer, 
resulting in composites for which the crack-healing characteristics can be ascertained. 
Since crack-healing in composites needs to be differentiated from ionomer-healing alone, 
it is necessary to build a fundamental understanding of observations on crack-healing 
behavior in thermosets prior to any modification. This is studied by examining well-
characterized epoxy-amine thermosets at varying stoichiometric ratios to elucidate the 
effects of network structure and residual reactivity on the healing behavior of 
thermosetting materials. Thus, crack-healing in thermosets is seen from a standpoint of 
first combining an ionomer with a thermoset and next studying in detail the healing 
behavior of an unmodified thermoset. Both areas are investigated in chapters 8 and 9.  
 
1.2 Background 
The following sections discuss background information and techniques to incorporate 
ionic groups within non-ionic polymers that have been applied in chapters 2 through 9. 
Section 1.1 discusses the functionalization of thermosets by either grafting ionic groups 
onto a hydrophobic polymer backbone or via copolymerization of ionic and non-ionic 
species, with application as a proton exchange membrane in a fuel cell. Section 1.3 
discusses embedding or dispersing ionic groups within a highly-crosslinked thermoset by 
the utilization of ionic liquids. Both these methods affix ionic groups within the volume 
of a thermoset. In the next approach, Section 1.4 discusses the grafting of ionic groups 
onto the surface of polymer fibers and various techniques investigated. This is followed 
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by Section 1.6, which discusses the development of thermosets that have the ability to 
recover load-bearing capacity after damage, that is, exhibit crack-healing characteristics.  
 
1.3 Functionalized Thermosets with Incorporated Ionic groups: Direct Sulfonation 
and Copolymerization  
Grafting of hydrophilic groups onto a hydrophobic polymer backbone can be used to 
incorporate hydrophilicity within a polymer and has been extensively studied for several 
applications. Strongly polar and ionic moieties such as carboxyl 13-15, hydroxyl 16, amines 
15, and the sulfonic acid group (–SO3H) are generally used. Of particular interest is the 
sulfonic acid group, which has been used in a number of membranes for fuel cell 
applications due to its strongly hydrophilic and protogenic nature. Several methods exist 
for the covalent addition of the sulfonic acid group onto a polymer backbone. These 
include direct methods such as sulfonation or sulfation through agents such as sulfuric 
acid or chlorosulfonic acid 17, 18, sulfination 19, sulfophenylation 20, or reactions with 
alkanesultones 21. On the other hand, non-ionic monomers can be copolymerized with 
compatible monomers which contain the sulfonic acid group 22, 23. Sections 1.2.1 and 
1.2.2 discuss these two distinct methods for the incorporation of sulfonic acid groups in 
polymer thermosets.  
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Figure 1.2 Schematic representation of possible sulfonation and desulfonation reactions 
of aromatic rings 24. 
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1.3.1 Polymer Sulfonation 
Polymer sulfonation is a substitution reaction and may be either heterogenous or 
homogenous, depending on reactant solubilities 23. Typical electrophilic sulfonating 
agents are sulfuric acid, sulfur trioxide, alkyl sulfates, chlorosulfonic acid, and 
fluorosulfonic acid and are used for the sulfonation of aromatic groups. A generalized 
substitution reaction scheme in the presence of a sulfonic acid-based agent is given in 
Figure 1.2 indicating the electrophilic aromatic substitution reaction in the presence of 
either sulfur trioxide or a sulfonic acid group. The possibility of desulfonation reactions 
has been noted to occur in the presence of extreme conditions, such as superheated steam 
and in the presence of strong acids 24-26. A number of researchers have discussed the 
sulfonation of polymers using different sulfonating agents 17, 27, 28. The polymers are 
typically linear and sulfonation is carried out via homogenous reactions by dissolution 
into solvents such as dichloromethane 29. On the other hand, there has been 
comparatively little work on the development of polymer thermosets with sulfonic acid 
groups; where reduced swelling, lowered methanol crossover (for direct methanol fuel 
cell membranes) and increased mechanical strength and thermal stability is achieved by 
the introduction of cross-links.  
Direct sulfonation is applied in two ways to form thermosets with pendant sulfonic acid 
groups. First, linear polymers can be sulfonated and then cross-linked 30, resulting in 
membranes with the degree of sulfonation fixed prior to cross-linking. Second, 
sulfonation can be carried out on cross-linked polymer network substrates with 
‘available’ sites for sulfonation. This method has the advantage of being able to fix a 
desired morphology into the membrane prior to sulfonation allowing control over spatial 
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location of ionic groups such as by using block copolymers 31 or styrene-divinylbenzene 
copolymers 32. A disadvantage might be inhomogeneous distribution of sulfonic acid 
groups resulting from competition between mass transfer and reaction processes, 
although this may be controlled by selecting appropriate reaction conditions 33.  
 
1.3.2 Copolymerization with Sulfonic Acid Group Containing Monomers 
Sulfonation reactions can be avoided by copolymerizing monomers, which contain the 
sulfonic acid group, such as 2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS), 
with compatible non-ionic monomers. AMPS has been widely used for the development 
of membranes exhibiting high ionic conductivities due to (1) its excellent water uptake 
and retention characteristics, (2) strongly ionizable nature of the sulfonic acid group that 
that dissociates completely over the entire pH range 34, and (3) ease of copolymerization 
with a number of monomers. Comonomers used for synthesis of linear copolymers such 
as acrylamide 34, N-isopropylacrylamide 35, methacrylic acid 36, or methyl methacrylate 37 
are typically cross-linked using hydrophilic cross-linkers in an aqueous medium to form 
hydrogels 38. The use of AMPS as a comonomer in different membranes is discussed 
further in section 4.2.  
An application of thermosets with sulfonic acid groups is in developing proton 
exchange membranes, or polymer electrolyte membranes (PEM), for fuel cells 39. PEM 
fuel cells are considered attractive due to their simplicity, quick startup, efficiency, 
modularity, and versatility 39. A schematic diagram for the fuel cell setup is shown in  
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Figure 1.3 Schematic diagram of a proton exchange membrane (PEM) fuel cell showing 
the polymer membrane, gaseous reactants and electrodes. 
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Figure 1.4 Chemical structure of (top) DuPont Nafion® with n = 6.6, m = 1 and z = 1 for 
Nafion®117 41; and (bottom) Dow perflurosulfonate ionomer; n = 3.6-10 42. 
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Figure 1.3. The PEM is sandwiched between electrically conductive electrodes, which 
are connected to an external circuit. Electrochemical reactions take place on the surface 
of the catalyst at the so-called triple phase boundary 40 between the polymer membrane, 
gaseous reactants, electrocatalyst, and current collector. These electrochemical reactions 
are  
Anode: H2 → 2H+ + 2e- 1.2 
Cathode: ½O2 + 2H+ + 2e- → H2O 1.3 
Overall: H2 + ½O2 → H2O 1.4 
 
Oxidation at the anode results in hydrogen splitting into an electron and a proton; with 
the proton traveling through the membrane while the electron performs useful work 
traveling in the external circuit. Oxygen reduction at the cathode results in a net 
generation of electrical energy and water from the electrochemical reaction.  
Components that constitute a fuel cell setup in addition to the polymer membrane 
include gas diffusion layers, electrodes, and bipolar plates all combined within a fuel cell 
stack. Significant research interest has been generated in developing polymer membranes 
possessing high proton conductivity, an adequate barrier to mixing of fuel and reactant 
gases, while being chemically and mechanically stable. Typical membranes attempt to 
emulate perfluorosulfonated ionomers (PFSI) such as Dupont’s Nafion® or Dow 
Chemicals PFSI 42 by combining a strongly hydrophobic fluorinated backbone with 
hydrophilic pendant sulfonic acid groups. The general chemical structures are shown in 
Figure 1.4. The development of such alternative membranes to these ionomers is 
discussed in chapter 4 based on an understanding of proton conductivity and the states of 
water within the membrane.  
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1.4 Ionic Liquids Embedded or Dispersed within Thermosets 
The previous section discussed methods of grafting sulfonic acid groups onto a 
hydrophobic polymer thermoset. Another method to incorporate ionic groups in a 
thermoset is by the use of ionic liquids (ILs).  
ILs are defined as molten salts with a boiling point below that of water 43 with a wide 
liquidus (boiling point – melting point) range, displaying ionic-covalent crystalline 
structures. The synthesis of ILs with highly tailored properties has emerged with a whole 
range of potential uses being investigated, such as in catalytic membrane reactors 44, 
novel battery and fuel cell applications 45-47, ‘green’ solvents for VOC replacement 48, 49, 
and potential CO2 scavengers 50. These room-temperature molten salts exhibit high ionic 
conductivity, wide electrochemical windows, non-volatility, thermal stability, and 
nonflammability. The most frequently encountered types of ILs are based on an organic 
cation (usually an imidazolium cation) neutralized by an inorganic anion, or in some 
cases, may be composed of entirely organic cation/anion pairs. ILs can also be further 
subdivided into various classes depending on end use 51, 52. A list of ionic liquids used in 
this work is given in Appendix A. The wide tailorability of IL properties based on 
different cation/anion structures has resulted in systems with varying hydrophobic and 
hydrophilic nature 53, incorporated vinyl reactivity 54 or hydroxyl 55 groups, and even 
significant variations in the liquidus range and pH 56. Such properties are useful in 
synthesizing polymer networks with embedded ionic groups since the properties of the IL 
can be tailored to suit the polymer of interest.  
There has been substantial literature so far on the preparation of ionic liquids within 
polymers 57 or polymerizable ionic liquids 54. Although a large fraction of the literature 
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has been on the development of linear polymers, there is significant interest in the 
preparation of cross-linked polymers prepared in-situ in an ionic liquid typically for 
applications in electrochemical devices 58, 59 or novel composites 44, 60. As examples, 
Susan et al. 61 developed ion gels based on a methyl methacrylate/ethylene glycol 
dimethacrylate/1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfonyl)imide 
systems; Snedden et al. 44 developed cross-linked polymers of 4-vinylpyridine and 
divinylbenzene investigated in ionic liquids with different cation/anion pairs. Such ion 
gels are typically ‘soft’ polymers with low glass transition temperatures and room 
temperature modulus.  
On the other hand, and understanding of the behavior of highly cross-linked 
thermosetting polymers, such as phenolic and urea–formaldehyde resins, unsaturated 
polyesters, or epoxy resins 62 in the presence of ionic liquids, has not been investigated so 
far. Specifically, in the presence of epoxy resins, there have only been a couple of reports 
on the use of ionic liquids as either lubricants 63 or potentially as a hardener 64. Chapter 5 
will evaluate different mechanisms of incorporating ILs within epoxy-amine thermosets 
and the resultant properties based on reactivities between the ionic liquid and epoxy resin. 
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Nanofiber Mesh 
Nanofiber mesh  within encapsulated 
hydrophobic polymer matrix 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Schematic representation of nanofiber mesh which is subsequently 
encapsulated within a hydrophobic matrix. The nanofiber mesh evaluated in this work 
consists of either grafted hydrophobic fibers or completely hydrophilic fibers.  
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1.5 Polymer Fiber-Thermoplastic Matrix Composites with Embedded or Grafted 
Ionic groups  
Previous sections looked at methods to embed ionic groups within a thermosetting 
matrix on a molecular scale. In this section, ionic groups are either localized on the 
surface of a polymer fiber or blended within a polymer fiber and are subsequently 
encapsulated within a hydrophobic polymer matrix. This overall scheme is depicted in  
Figure 1.5 and the techniques evaluated for the fabrication of fiber-thermoplastic matrix 
composites will be discussed in chapters 6 and 7.  
The use of polymer nanofibers to fabricate composites has been extensively 
investigated for toughening 65, biomedical 66, superhydrophobicity 67/superoleophobicity 
68, filtration 69, or electronic 70 applications and have been reviewed previously 71. From a 
qualitative standpoint, there can be a number of factors that influence the efficacy of a 
composite. For the fabrication of polymer nanofibers enmeshed within a polymer matrix, 
where individual component properties may be significantly different, adhesion and 
wetting between both polymer phases will be very important. One method explored to 
improve such interfacial properties is by the use of radiation techniques and is briefly 
discussed in the next section.  
 
1.6 Grafting of Ionic Groups on Polymer Nanofibers 
Ionic groups can be covalently attached onto hydrophobic polymer surfaces to render 
the surface hydrophilic without altering bulk structure, while maintaining mechanical 
stability. These grafting reactions may be carried out either in the vapor or solution phase. 
 
19
Typically, prior to grafting reactions, it is necessary to ‘activate’ or ‘functionalize’ the 
surface through radiation treatment methods such as plasma, gamma irradiation, UV 
irradiation, or e-beam. Radiation grafting techniques are advantageous over chemical 
initiation techniques 72 since grafting quality can be controlled easily through variations 
in dose rate and treatment environment. Moreover, free radical initiators that might act as 
impurities need not be used and higher product quality can be maintained. There are 
numerous industrial sectors that benefit from such radiation treatment. These include 
biomedical, textile, electrical, membrane, cement, coatings, rubber goods, tires and 
wheels, foam, footwear, printing rolls, aerospace, and pharmaceutical industries. 
Radiation treatments of polymer surfaces can typically be classified as either (a) cross-
linking and chain scission or (b) grafting and curing reactions 73. These processes are 
schematically as adapted from Bhattacharya 73 in Figure 1.6. The mechanism (may vary 
with polymer type) of cross-linking 73, 74 involves the reaction between a cleaved C-H 
bond on one polymer chain reacting with an abstracted H of an adjacent polymer to 
produce molecular hydrogen. These two adjacent polymer chains form a cross-link. The 
overall molecular weight of a polymer increases upon cross-linking. Scission is the 
opposite effect where polymer molecular weight decreases upon cleavage of C-C bonds. 
Such an effect is seen in Figure 1.7 where increasing plasma radiation time on 
polysulfone fibers causes a corresponding decrease in polymer molecular weight.  
The general mechanism of grafting through free-radical polymerization is shown in 
Figure 1.8 by pre-irradiation, peroxidation, or mutual irradiation. Pre-irradiation 
techniques involve activating a surface to form free radicals in an inert atmosphere  
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Figure 1.6 Schematic representation of possible cross-linking and scission reactions 
occurring during irradiation of polymer surfaces 73. 
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Figure 1.7 Representative plot showing reduction increase in elution time of polysulfone 
(corresponding to reduction in molecular weight) with increasing plasma exposure times 
80. 
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Figure 1.8 Schematic representation of possible grafting reactions upon irradiation of 
polymer surfaces 73; M represents an available monomer that reacts onto an active site on 
the polymer surface and propagates until a termination step.  
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followed by monomer grafting in the liquid or vapor phase. Mutual irradiation involves 
activating both the monomer and the trunk polymer to induce surface grafting. In surface 
peroxidation methods, irradiation in air or oxygen affixes hydroperoxides or diperoxides. 
These can decompose at elevated temperatures to initiate polymerization in the presence 
of monomers at a later time.  
Grafting of reactive groups on polymer substrates such as films, fibers or powders may 
be either a ‘grafting-to’ or ‘grafting-from’ mechanism. Irradiated surfaces are considered 
to be of the latter type since initiator species are available on the site of the polymer 
surface, as opposed to grafting-to reactions where specific end-functionalized polymers 
are covalently attached. In addition, the mechanism of polymerization at the surface can 
be either due to condensation reactions, conventional free-radical polymerizations or 
controlled radical polymerizations 75. Examples include grafting acrylamide 76 or 
methacrylic acid 77 on PTFE films, N-isopropylacrylamide onto ethylene-vinyl alcohol or 
HDPE 78, or polyacrylamide onto polyethyleneterephthalate films 79.  
Similarly, a number of studies have focused on the treatment of polymer fibers. Specific 
examples include PVDF nanofibers which have been plasma treated and grafted with 
methacrylic acid for use as polymer electrolytes 81, gelatin grafted on PCL fibers 82 for 
tissue engineering applications, or acrylic acid grafted on polyester fibers for improved 
dyeability 83. Similarly, Robinette has grafted acrylamide 84 onto polysulfone fibers after 
radiation treatment to improve hydrophilicity.  
These radiation grafting techniques explored in the literature show that it is viable to 
graft hydrophilic groups onto hydrophobic fibers as a first step towards preparation of 
fiber-thermoplastic matrix composites. Such methods are explored in chapters 6 and 7.  
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1.7 Crack-healing Behavior: Ionomer-Thermoset Composites and Unmodified 
Thermosets 
Highly cross-linked thermosetting polymers are used extensively in adhesives, 
structural composites and protective coatings since they exhibit excellent thermal and 
mechanical performance and solvent resistance 85. These materials are generally very 
brittle and are used in conjunction with toughening agents such as rubber modifiers 86 or 
thermoplastic inclusions 87. This brittleness leads to the formation of incipient 
microcracks that may coalesce over operational lifetimes to eventually cause unexpected 
fracture (Figure 1.9). One method to mitigate the effects of microcrack growth has been 
the development of self-healing materials, viz. material systems that can reverse the 
damaging effects of a propagating crack to recover load-bearing capacity. Several self-
healing techniques have been investigated in the past in systems that exhibit crack-repair 
characteristics. Some of the earliest work in the field by Dry 88 was performed by filling 
hollow fibers with reactive liquids that could rupture and fill cracks to cause strength 
recovery in fractured concrete. More recently, work in the Sottos and White research 
group 89 developed composites that heal autonomously upon exposure to a damage site 
by the closure of cracks with curable resin filled microcapsules dispersed within a 
catalyst containing matrix. Similar work by Bond et al. 90 has shown significant healing 
behavior in epoxy systems which have resin-filled hollow glass fibers impregnated within 
the polymer network. Such techniques have shown the ability to design systems that can 
heal while at the same time underscore the need to function multiple times without severe 
loss in strength. To this effect, remendable linkages based on retro Diels-Alder reactions 
by Chen et al. 91, 92 and healing through linear polymer chains by Hayes et al. 93 show 
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promise as continuously rehealable materials systems. The overall view in each of these 
systems has been on the development of modified polymer thermosets that can reverse 
microcrack damage by utilizing innate healing agents designed specifically for this 
purpose. The overall requirements for a material that can undergo crack-healing can then  
be summarized by (i) recovery of damage, (ii) multiple healing capability, (iii) non-
critical defect size, (iv) presence or absence of external assistance, (v) material property 
considerations, and (vi) complexity/cost issues 94.  
Taking into account the wide variety of healable systems that possess the innate ability 
to repair cracks, one can argue that there are two basic material requirements for strength 
recovery at a fractured interface. One is molecular mobility and the other is the existence 
of a bonding mechanism. The mobility may be affected by factors such as the healing 
temperature, Theal and the glass transition temperature, Tg, the architecture of the 
monomer units, and the network structure. All these factors may alter the transport of 
healing agent towards an interface by introducing diffusion limitations. Once a healing 
agent has successfully reached a crack interface, the mechanism by which it interacts to 
provide a bond becomes important. This bonding mechanism could be a reaction leading 
to interfacial covalent bond formation. Strength development might also be due to 
physical or structural effects such as entanglements of polymer chains, electrostatic 
interactions, hydrogen bonding, or other secondary forces depending on the nature of the 
polymer. The specific use of electrostatic interactions as a bonding mechanism is 
explained in the following section.  
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Figure 1.9 Schematic representation of growth of microcracks leading to eventual failure 
over operational lifetimes; healable materials should be able to reverse such damaging 
effects of a propagating crack. 
 
27
Ionomers and polyelectrolytes are differentiated based on their resulting associative 
properties. By definition, ionomers 95 are materials in which bulk properties are governed 
by the ionic interactions in discrete regions of the material. This differentiates them from 
polyelectrolytes in which solution properties in high dielectric constant solvents are 
governed by electrostatic interactions typically larger than molecular dimensions. This 
suggests that these ionic clusters (or multiplets) 96 may exist as domains within a typical 
ionomer, and have been shown to exist in a variety of cation neutralized copolymers 95. A 
wide variation in structural attributes is possible in the synthesis of ionomers 95 or 
associating polyelectrolyte structures. These generally fall under the categories of 
monochelics (one ionic group at the end), telechelics (ionic groups at two or more ends) 
or random copolymers. Random copolymers are of interest due to their relative ease of 
preparation and the wide variety of ionomers that may be prepared. Examples include 
nonionic chains such as ethylene or styrene with pendant ionogenic species such as 
acrylic acid, methacrylic acid, sulfonic acid, or vinylpyridine.  
Electrostatic interactions between an ion pair are related, through Couloumbs law, as 
follows:  
 2
21
04
1
r
qqF
rεπε
=  1.5 
where F is the electrostatic force, ε0 is the permittivity of vacuum, q is the charge on each 
ion in an ion-pair, r is the interatomic separation distance between ions, and εr is the 
relative permittivity of the medium. At a separation distance of 1nm in a styrene-like 
medium (εr = 2.5), the force required to separate a cation-anion ion-pair is ~1 × 10-19 N 
95. For a C-C covalent bond with an interatomic bond energy of ~400 kJ/mol 25, the force 
required to break this bond is roughly ~ 6 × 10-19 N. This suggests that electrostatic 
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interactions, although weaker than covalent interactions, could provide significant 
bonding capabilities. 
The associative behavior due to electrostatic interactions has been studied previously. 
Ballistic testing on commercially-available DuPont® Surlyn® 97 and Nucrel® 98, 99 has 
shown that there exist interactions causing a closure of open fissures when the material is 
locally heated to around ~5°C above its melting temperature. The increase in polymer 
network mobility is presumably enhanced through aggregation of ionic interactions, 
which might supplement polymer welding, especially since non-ionic polymers can 
exhibit crack-closure as well. Electrostatic attractions can also be utilized to obtain 
controlled structures as shown by Decher 100 where polycations and polyanions can be 
assembled onto each other. Such a mechanism results in the formation of layered 
poly(cation-anion) structures. There is a wide variety of polymers which are cationic or 
anionic in nature for which coulombic attractions may be utilized to develop materials 
with self-healing characteristics 101, 102.  
Although it is known that electrostatic interactions may be used to promote associative 
behavior, a common limitation between ionomers is their low mechanical stability. One 
way to overcome this is by encapsulating an ionomer within a chemically cross-linked 
matrix. Methods to fabricate such composites are evaluated in chapter 8.  
Prior to investigating the crack-healing behavior of ionomer-thermoset composites, it is 
also necessary to investigate the potential healing behavior of cross-linked thermosets in 
the absence of fillers. There has been limited work so far into the study of polymer 
thermosets which have not been modified – although surprising results have been briefly 
mentioned in the literature 103, 104. A fundamental goal is then to understand the 
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mechanisms for adhesive crack-repair that polymer thermosets appear to undergo prior to 
incorporation of specific healing agents. This is the basis for the study of healing in 
epoxy-amine thermosets discussed in chapter 9. Additionally, such a primary analysis of 
the effects of healing in unmodified systems can lead to distinguish between healing 
either in the absence or presence of ionic groups.  
 
1.8 Overview and Flow between Chapters 
The foregoing discussion gives a brief introduction into the various methods that will 
be utilized for the modification of non-ionic and hydrophobic polymers with ionic and 
hydrophilic groups. The implementation and corresponding discussion of these ideas are 
developed further in the following chapters. The overview of this dissertation and the 
conceptual grouping of chapters are shown schematically in Figure 1.10.  
The first concept discussed in chapter 2 is the idea of grafting sulfonic acid groups onto 
hydrophobic epoxy-amine thermosets which were prepared using a reactive 
encapsulation of solvent technique 11. The experimental details involved in sulfonating 
the thermoset, as well as characterizing the membranes thereafter, are presented. The 
concept of preparing thermosets consisting of hydrophobic and hydrophilic groups is 
continued in chapters 3 and 4 by utilizing monomers that contain sulfonic acid groups (2-
Acrylamido-2-methyl-1-propanesulfonic acid, AMPS) along with hydrophobic 
monomers (diglycidyl ether of bisphenol A vinyl ester, VE). The reaction kinetics are 
analyzed to determine reactivity ratios and corresponding polymer structure followed by 
an investigation of thermomechanical properties of these network structures. So, chapters 
2, 3, and 4 discuss the experimental results of localizing ionic groups within thermosets 
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and their resulting properties along with a brief discussion on its application towards 
preparing fuel cell membranes.  
Chapter 5 investigates covalent reaction and dispersion of ionic liquids within epoxy 
thermosets and corresponding properties of these novel materials. Mechanisms for the 
reaction of specific ionic liquids as initiators for epoxy resins are discussed followed by a 
brief discussion on the tunability of properties in epoxy-amine thermosets with non-
reactive ionic liquids. 
Chapters 6 and 7 discusses the concept of having ionic groups either grafted on or 
blended within a fiber prior to incorporation within hydrophobic matrices in order to 
fabricate fiber-thermoplastic matrix composites. Results pertaining to different surface 
treatment conditions employed on polysulfone fibers, and uniformity of surface coverage 
on these fibers studied by silane treatments, are presented in chapter 6. Subsequent 
fabrication of nanostructures from such grafted fiber templates is also discussed. Chapter 
7 extends this grafting procedure to prepare polysulfone fibers with grafted AMPS 
groups, which is subsequently encapsulated within a Nucrel® thermoplastic matrix. 
Another method discussed for the fabrication of fiber-thermoplastic matrix composites is 
by the encapsulation of poly(acrylic acid)/Nafion® fiber blends within a thermoplastic 
matrix. The conductivity and vapor transport characteristics of these composites were 
evaluated and relationships between the observed morphology and properties were 
constructed.  
Chapters 8 and 9 describe investigations related to the crack-healing behavior of 
thermosets. Chapter 8 discusses the localization of ionomers within a vinyl ester 
thermoset and was done by first fabricating nanoporous Nucrel® via solvent removal 
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from a Nucrel®/THF physical gel followed by infusion with a vinyl ester resin. Prior to 
studying the effects of ionic groups on healing, it was necessary to evaluate the healing 
characteristics of thermosets without any ionic groups present. Chapter 9 evaluates the 
crack-healing behavior of such unmodified epoxy-amine thermosets where significant 
load recovery was observed and for which a healing mechanism was postulated.  
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Figure 1.10 Overview of thesis and conceptual grouping of chapters.  
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CHAPTER 2: FUNCTIONALIZATION OF NANOPOROUS EPOXY-
AMINE THERMOSETS VIA SULFONATION 
 
2.1 Introduction 
 
As outlined in section 1.2.1, sulfonation of polymeric systems is an attractive route to 
simultaneously incorporate hydrophilicity while not significantly compromising on 
material strength. The alteration of the inherent hydrophobic character of the porous 
system into a hydrophilic one is an essential step towards their further use in numerous 
applications.  
The use of nanoporous polymeric systems for applications, such as fuel cell proton 
exchange membranes 105, nanoscale templated particle synthesis 106, water purification107, 
redox flow battery membranes 108, and sensors 109, has been the subject of intense 
interest. Previous work by Raman and Palmese 11 has shown the synthesis of a 
hydrophobic and nanoporous, chemically cross-linked epoxy-amine system with tunable 
pore size. The epoxy-amine thermoset was synthesized in the presence of tetrahydrofuran 
as a chemically inert solvent which also acts as a porogen. This particular thermoset-
solvent system was chosen in order to maintain the requirements of non-reactivity with 
monomers as well as an absence of phase-separation during reaction 110. Figure 2.1 
shows representative micrographs of such a nanoporous epoxy-amine thermoset. The 
pore size and pore volume were controlled by varying the solvent fraction in the 
thermoset followed by solvent removal using supercritical carbon dioxide.  
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Figure 2.1 SEM micrographs of epoxy-amine polymer networks synthesized using 
increasing solvent content 0, 4, 6, and 8 THF to epoxy-amine monomers weight ratio 
(TEA); showing that solvent content influences the nanoporous structures by changing 
the pore sizes and porosity, (15,000x) 11. 
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This chapter outlines the use of sulfonation as a first step in modifying the pore 
chemistry to make the nanoporous epoxy-amine membranes hydrophilic. This template 
was chosen for modification since it was presumed that in addition to balancing the 
hydrophobicity and hydrophilicity within this membrane, the pore size could be used as 
an additional tunable parameter. The solid-state sulfonation of the nanoporous epoxy-
amine system using acetyl sulfate is described in section 2.2.3, followed by section 2.3.1 
describing the use of energy dispersive spectroscopy to quantify both the presence and 
distribution of sulfonic acid groups in the membrane. Water uptake studies were 
conducted to quantify membrane hydrophilicity to confirm property modification due to 
sulfonic acid group incorporation, and is outlined in section 2.3.2. The chapter concludes 
by summarizing the results and discussing drawbacks of the sulfonation procedure, which 
can be overcome by copolymerization schemes discussed in chapters 3 and 4.  
 
2.2  Experimental Section 
2.2.1 Reagents  
The difunctional epoxy resin used was diglycidylether of bisphenol A (EPON®828, 
Miller Stephenson, n = 0.13), and the curing agent used was a tetrafunctional amine, 4,4’ 
methylenebiscyclohexanamine (PACM, Air Products Inc.); the chemical structures are 
given in Figure 2.2. The solvent tetrahydrofuran (THF, Aldrich, 99%) was used for the 
synthesis of the gels and acetic anhydride (AA, Aldrich, 99%), sulfuric acid (SA, Aldrich, 
95-98%) and dichloromethane (DCM, Aldrich, 99.9% HPLC Grade) were used for the 
sulfonation of the gels thus prepared. Deionized water (DIW) was used when required.  
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Figure 2.2 Chemical structure of reagents used for the synthesis of nanoporous epoxy-
amine thermosets. 
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2.2.2 Gel Synthesis 
Nanoporous epoxy amine gels were synthesized as previously described 111. The gels 
used were synthesized as thin film membranes with thicknesses ranging from 300 μm to 
700 μm using an assembly of glass plates and Teflon® spacers. A 2:1 molar ratio of 
EPON®828 to PACM was added to a predetermined amount of THF resulting in gels 
with controlled solvent:monomer weight ratios (SMR). The glass plate-spacer assembly 
was placed in the vial, sealed, and kept at 60°C for a period of one week. The synthesized 
gels were repeatedly equilibrated and washed in DCM over a period of 48 hours.  
 
2.2.3 Sulfonation 
In a three-necked round bottomed flask, 200 ml of DCM was added and refluxed at 
~40°C. The prepared epoxy amine gels were added to the flask after weighing. The 
sulfonating mixture, acetyl sulfate (AS), was prepared by carefully mixing a 1.25:1 mole 
ratio of AA to SA in 15 ml of ice-cold DCM. The amounts of AA and SA required were 
fixed by determining the degree of sulfonation (DS) required (defined as ratio of moles of 
sulfuric acid used to moles of aromatic rings present) at 0.5 or 0.6—this indicates a 
theoretical exchange of between 50 and 60 percent of the aromatic rings are supposed to 
be sulfonated. The AS thus prepared was added to the reaction flask. The sulfonation 
time was kept constant for all membranes at six hours. The reaction scheme followed for 
this procedure is schematically shown in Figure 2.3.  
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Figure 2.3 (a) preparation of sulfonating agent (acetyl sulfate): acetic anhydride reacts 
with sulfuric acid to form acetyl sulfate and acetic acid, (b) sulfonation: reaction between 
aromatic ring on polymer backbone and acetyl sulfate to form a sulfonated aromatic ring 
29.  
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2.2.4 Attenuated Total Reflectance-Fourier Transfrom Infra Red (ATR-FTIR) 
Spectroscopy 
ATR-FTIR spectra were recorded on a Nicolet Magna-IR 560 Spectrometer using a ZnSe 
crystal in the range of 650 to 4000cm-1. The spectra recorded were used to identify the 
presence of sulfonic acid groups. The membranes used were washed and equilibrated in 
DCM before analysis.  
 
2.2.5 Fourier Transform Infra Red (FTIR) Spectroscopy  
Transmittance mode FTIR spectroscopy was carried out on a Nicolet 610 Fourier 
Transform Spectrometer in the range of 4000 cm-1 to 8000 cm-1, at 32 scans per spectrum 
and an aperture setting of 100. Hydrated membranes were placed in line with the infrared 
source and spectra were recorded immediately. 
 
2.2.6 Water Uptake Measurement  
The water uptake of the epoxy amine membranes was determined by weighing the 
membranes in both the dry state and in the wet state, at periodic intervals of time. The 
membrane was first washed with DIW repeatedly to ensure no trace acid remained in the 
system. The membrane was dried at 85°C for 24h and immersed in DIW with the weight 
being periodically measured. The water uptake was defined as [(wet weight – dry weight) 
/ dry weight] × 100 %.  
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2.2.7 Energy Dispersive Spectroscopy (EDS)  
The membranes were fractured in liquid nitrogen for cross-section images. The 
procedure used for scanning electron microscopy (SEM) is described in section 4.3.4. For 
EDS analysis, all samples were sputter coated (Denton Desk II Sputtering System) with 
platinum at 40 mA for 30 s before observation. EDS was done for sulfur Kα maps, 
collected on the cross-section of the grafted membranes using the SEM coupled with an 
EDS microanalysis system.  
 
2.3  Results and Discussion 
2.3.1 Incorporation and Distribution of Sulfonic Acid Groups 
ATR mode FTIR was used to determine the presence of peaks attributable to the 
sulfonic acid groups in the system. The spectra shown in Figure 2.4 are for membranes 
with 0.75:1 and 0.5:1 solvent:monomer weight ratio (SMR), with a DS of 0.6 and 0.5 
respectively. On comparison between the peaks of sulfonated and unsulfonated samples, 
the following three major peaks were observed in the sulfonated system. Sulfonic acid 
group addition can be attributed to peaks at 1010 cm-1 and 885 cm-1 and the broad peaks 
at ~1100-1150cm-1 may be attributable to the OH stretch frequency 105, 112. The presence 
of these peaks in only the sulfonated membrane suggests that sulfonic acid groups were 
incorporated within the membrane. Since simultaneous diffusion and reaction occurs 
within the membrane, it is necessary to evaluate the distribution of sulfur across the 
membrane cross-section.  
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Figure 2.4 ATR-FTIR spectra of epoxy-amine specimens (a) 0.75:1 SMR sulfonated 
sample (DS = 0.6), (b) 0.5:1 SMR sulfonated sample (DS = 0.5) and (c) unsulfonated 
sample in DCM.  
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Figure 2.5 Backscattered electron (BSE) images of sulfonated membranes at (a) 1.5:1 
SMR (DS=0.6) and (b) 0.75:1 SMR (DS=0.6); EDS Sulfur Kα and Cl Kα maps of 
corresponding cross-sections at (c) 1.5:1 SMR and (d) 0.75:1 SMR; and EDS Sulfur Kα 
line maps of cross-sections indicating homogeneous S distribution at (e) 1.5:1 SMR and 
(f) 0.75:1 SMR (difference in S content indicated by drop-off between points 0 and 50 
μm).  
 
 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 2.5 shows cross-sectional EDS maps of sulfur (S, Kα) and carbon (C, Kα) on 
cross-sections of sulfonated samples prepared at a SMR of 1.5:1 and 0.75:1 with a DS of 
0.6 after a thorough wash in water to remove any unreacted reagents. The pixel density is 
qualitatively proportional to the concentration of S within the membrane. The images 
suggest a homogenous distribution of S due to the presence of grafted sulfonic acid 
groups. Line maps on these samples are also shown in Figure 2.5, where a constant S 
distribution across the membrane cross-section was observed.  
 
2.3.2 Membrane Hydrophilicity 
As a measure of the increased hydrophilic nature of the resulting membrane, water 
uptake measurements were quantified both gravimetrically and using spectroscopic 
methods. Figure 2.6 shows a plot of water uptake for membranes at different SMRs and 
for values of DS of 0.5 and 0.6, and were compared to unsulfonated membranes. 
Membrane thicknesses were typically 300 ± 30 μm. The plot indicates that the sulfonated 
membranes all showed an increased water uptake compared to the unsulfonated 
membranes. The increased hydrophilicity was expected since the sulfonic acid group is 
highly hydrophilic and associates strongly with water, suggesting that sulfonic acid 
groups are grafted onto the polymer backbone. The data also shows that there is an 
absence of variations in hydrophilicity based on differences in SMR. Rather, all 
membranes sulfonated to similar degrees of sulfonation resulted in similar increases in  
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Figure 2.6 Plot of water uptake for sulfonated samples at ( ) 0.5:1 SMR (DS = 0.5), ( ) 
0.75:1 SMR (DS = 0.6) and ( ) 1.5:1 SMR (DS = 0.6) compared to unsulfonated 
membranes at ( ) 0.5:1 SMR and ( ) 1.5:1 SMR. 
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Figure 2.7 Transmission mode near IR spectra of 0.5:1 SMR (DS = 0.5) membranes (a) 
sulfonated in water, (b) sulfonated sample-dried, (c) unsulfonated sample-dried, and (d) 
unsulfonated sample in water; indicating an increase in water uptake for sulfonated 
specimens with corresponding increase in peak height at 5200cm-1. 
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the water uptake. This suggests that when using this procedure, the degree of sulfonation 
is the primary controlling factor over membrane hydrophilicity while porosity does not 
appear to have any substantial effect.  
The water uptake measurements can be confirmed by NIR-FTIR spectroscopy as well. 
The peak at ~5200 cm-1 was taken as a characteristic water peak 113 and a ratio of peak 
heights (adjusted with reference peak at 4624cm-1) was correlated to the water uptake. As 
shown in, for membranes at a SMR of 0.5:1 (DS = 0.5) and equilibration in water for 24 
hours, an increase in peak height of 23 times in the sulfonated sample corresponds to 
about a 11 percent increase in weight. For the unsulfonated sample, a 4.3 times increase 
in peak height corresponds to a two percent weight increase. It should also be noted from 
the plot that the water peak in sulfonated samples can be removed on thermal drying. 
These results indicate consistent increases in water uptake associated only with the 
grafting of sulfonic acid groups.  
 
2.3.3 Conductivities and Potential Drawbacks of Sulfonation Procedure 
The conductivities were measured for membranes at a SMR of 0.5:1 and DS =0.5 
evaluated through the plane of membranes equilibrated in water (see section 4.3.5 for 
details on measurement technique). The data did not indicate large differences in 
conductivity upon sulfonation, which might correspond to the required degree of 
sulfonation (sulfonated membranes = 4.1 × 10-8 S cm-1 and sulfonated membranes = 5.1 × 
10-7 S cm-1), suggesting insufficient grafting and connectivity between sulfonic acid 
groups beyond a percolation threshold that would promote a distinctly increased 
conductivity.  
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There are two significant disadvantages to using such a sulfonation procedure. First, 
operating such a sulfonation procedure on samples with large THF weight fractions 
results in correspondingly large exchange of solvent between THF and DCM causing 
changes in sample dimensions during reaction. This would in turn result in a loss of 
porosity as a tunable parameter. Second, it appears that although attempts were made to 
sulfonate at least half of the available sulfonic acid groups, the corresponding water 
uptakes were very low, suggesting insufficient grafting. This was also indicated by the 
low values for conductivity of these membranes.  
 
2.4 Conclusions and Basis for Future Work 
The results from chapter 2 show that it is possible to graft sulfonic acid groups within 
an epoxy-amine thermoset using an acetyl sulfate based sulfonation procedure. 
Sulfonated samples exhibited increased water uptakes determined gravimetrically and 
spectroscopically. ATR-FTIR confirmed the presence of sulfonic acid groups while EDS 
indicated a homogenous distribution of sulfonic acid groups through the membrane cross-
section although membrane conductivities did not indicate large differences due to the 
incorporation of sulfonic acid groups. It is apparent that the presence of sulfonic acid 
groups within highly cross-linked thermosets can alter membrane properties. Since 
heterogeneous sulfonation of hydrophobic solvent-exchanged templates does not appear 
to result in large conductivities or water uptakes, an alternative one-step procedure for 
incorporating sulfonic acid groups was evaluated.  
One possibility is the copolymerization of hydrophobic cross-linkers with hydrophilic 
sulfonic acid containing monomers. This is investigated in chapter 3 for a copolymer 
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thermoset comprised of diglycidyl ether of bisphenol A vinyl ester and 2-Acrylamido-2-
methyl-1-propanesulfonic acid. The microstructure of the polymer network was evaluated 
from a kinetic analysis of the reactivity ratios. Subsequent connections between this 
structure and thermomechanical properties are further discussed. Further, these results are 
extended to understand the relationship between membrane properties such as pore 
volume, hydrophilicity and proton conductivity evaluated in chapter 4.  
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CHAPTER 3: COPOLYMERIZATION OF VE AND AMPS: KINETIC 
AND THERMOMECHANICAL ANALYSIS 
 
3.1  Introduction 
 
The results from chapter 2 indicate that sulfonation of epoxy-amine thermosets might 
not result in membranes with very well controlled porosities or increased conductivities. 
Alternative methods to incorporate sulfonic acid groups can include the use of surfactants 
114, irradiation techniques 115, 116, polymer blends 117, synthesis of polymeric systems with 
comb-type or dendrimer-type geometries 118, 119, or block copolymers 120. Each of these 
methods have advantages, but for the ease of synthesis coupled with control over the 
balance between hydrophobic and hydrophilic groups, free radical copolymerization of 
dissimilar monomers has been employed in the following. Such a polymerization scheme 
was chosen over other methods, such as living polymerizations or step-growth 
polymerizations, due to the possibility of controlling both comonomer concentrations and 
pore volume using a pore generating agent which also serves as a common diluent for the 
reaction mixture.  
This chapter deals with a specific material system consisting of hydrophobic 
difunctional vinyl ester (VE) (dimethacrylate of diglycidyl ether of bisphenol A) and a 
hydrophilic monofunctional comonomer, 2-acrylamido 2-methyl-1-propane sulfonic acid 
(AMPS). This combination of monomers in N, N-dimethyl formamide (DMF) as a 
common diluent forms a crosslinked network. The VE serves as the cross-linking portion 
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of the polymer that results in thermal and mechanical stability 121, while AMPS acts both 
as a chain extender and an ion-conducting pathway within the cross-linked network 31, 122.  
Most of the work so far combining hydrophobic and hydrophilic monomers involved 
the synthesis of graft copolymers 123 or linear copolymers 124. Preparation of cross-linked 
networks combining hydrophobic and hydrophilic monomers has typically been carried 
out using embedded 125 or interpenetrating networks 126, or grafting of hydrophilic groups 
onto thermosets 31. There are few reports on the copolymerization of cross-linked 
hydrophobic and hydrophilic monomers 127 and it is of interest to investigate such 
combinations to ascertain the possibility of preparing membranes which are mechanically 
robust and hydrophilic.  
This chapter is divided into three sections. Section 3.3 discusses the use of near infra-
read spectroscopy for the real-time monitoring of copolymerization reactions with an 
overview of a method that has been developed to monitor acrylate-methacrylate 
copolymerizations. The methodology developed has been applied to this particular 
system to capture the influence of changes in solvent, monomer and initiator 
concentration on reaction. An understanding of the structure being formed is necessary in 
order to validate the presence of networks with well-dispersed comonomers. Section 
3.4.1 utilizes polymerization kinetics evaluated using near infrared spectroscopy to 
elucidate the type of copolymer structure being formed from a terminal reaction model, 
using the linearization method of Mayo and Lewis 128, 129. This analysis has been used by 
numerous researchers for copolymerizations in systems such as VE/styrene 130, maleic 
anhydride/norbornene 131, or acrylonitrile/methyl acrylate 132 using real-time near infrared 
spectroscopy. Section 3.4.2 links this structure to thermomechanical properties to show 
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significant differences that exist in such network structures based on initial comonomer 
feed ratios and the technique used to remove DMF, that is, either by thermal drying or by 
the use of supercritical carbon dioxide 111.  
An evaluation of reaction and thermomechanical behavior in this fashion lays the basis 
for a further understanding of membrane properties, which will be discussed in chapter 4.  
 
3.2 Experimental Section 
3.2.1  Materials 
Difunctional vinyl ester resin (VE) was prepared as discussed previously 133 (see 
Appendix A) via a catalyzed methacrylation of 4,4’ diglycidyl ether of bisphenol A 
(DGEBA) (EPON®828, Miller Stephenson). Monofunctional 2-acrylamido 2-methyl 1-
propane sulfonic acid (AMPS, 99%, Sigma Aldrich) was used as obtained. N,N dimethyl 
formamide (DMF, 98%, Sigma Aldrich) and benzoyl peroxide (BPO, 99%, Sigma 
Aldrich) were also used as obtained. Figure 3.1 shows the chemical structures of the 
monomers and solvent used.  
 
3.2.2 Synthesis 
Varying molar ratios of VE to AMPS were prepared in DMF at known solvent weight 
fractions. The initiator concentration was fixed at either 0.02 or 0.002 mole fraction of 
BPO to vinyl groups present in the mixture. All reaction mixtures were typically prepared 
in 20 ml glass scintillation vials and BPO was added only after complete dissolution of  
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Figure 3.1 Chemical structure of reagents used. 
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monomers in DMF. The reactant mixtures were immediately transferred into glass tubes 
of fixed internal diameter and wall thickness (O.D. = 1.70 mm, I.D. = 1.60 mm) and 
hermetically sealed.  
 
3.2.3 Supercritical Drying, Dynamic Mechanical Analysis and Gel Permeation 
Chromatography 
 Samples for thermomechanical testing were prepared as follows. Monomer solutions 
were immersed in an assembly consisting of microscope glass slides separated by thin 
(~500 μm) Teflon® sheets held together with Teflon® tape. Sealed containers of these 
samples were then cured at 60°C to completion (as determined by NIR spectroscopy). 
The samples were dried using supercritical carbon dioxide as detailed in previous work 
111. Viscoelastic behavior of the synthesized copolymers was evaluated using a TA 
Instruments 2980 DMA in film tension geometry on rectangular samples that were cut 
down to premeasured sizes. The glass transition temperature, Tg was determined as the 
tan δ maximum of the third temperature ramp taken at frequency of 1 Hz and a deflection 
of 5 μm, with a preload force of 0.01N. The temperature ramp on the third run was 
between 35 and 250 °C at a rate of 2°C/min. The first two temperature ramps were taken 
up to 200 °C at a rate of 5 and 2°C/min respectively, to remove the solvent. Details on the 
experimental procedure under the film tension geometry are given in Appendix A.  
 Following cure, the extractable fraction might contain species other than the DMF 
used for the synthesis of the gels. Analysis of this fraction can shed light on the nature of 
this phase. This soluble portion was extracted by immersing a measured quantity of the 
cross-linked polymer (both critically dried and wet gels) in THF at a concentration of 2 
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mg of polymer/g of THF. This solution was passed through a 0.45 μm Nalgene® syringe 
filter and the extract used for analysis. For size exclusion chromatography or gel 
permeation chromatography (GPC), a Waters®515 GPC pump was used with two 30 cm 
long, 7.5 mm diameter, 5 μm styrene-divinyl benzene columns in series (PL gel, Polymer 
Laboratories, Amherst, MA) 50 Å pore size and mixed-C as the first and second columns 
respectively). The columns were equilibrated and run at 30ºC using THF as the elution 
solvent at a flow rate of 1 mL/minute. The effluent was monitored using a Waters® 410 
differential refractive index detector. Since large cross-linked species will not dissolve in 
THF, the extract from the polymer-solvent mixture should essentially be a measure of the 
presence of unattached high molecular weight molecules and unreacted species, if any.  
 
3.3  Spectroscopic Analysis  
A unique method to determine copolymerization kinetics based on near infrared (NIR) 
spectroscopy (8000 - 4000cm-1) has also been developed. Significant work has been done 
in evaluating free radical polymerization kinetics using a variety of techniques such as 
calorimetry 134, infrared spectroscopy, NMR spectroscopy 135, and fluorescence probe 
methods 136. Calorimetric techniques provide an evaluation of overall reaction kinetics 
and not individual monomer reaction rates, while mid-infrared spectroscopy has sample 
preparation difficulties associated with using a solvent at elevated temperatures 137. 
Monitoring of polymerization reactions using NIR spectroscopy has been widely used 138-
140, although there are very few reports discussing the difficulties associated with 
resolving peak overlap between acrylate and methacrylate peaks in chain 
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Figure 3.2 Schematic showing the aluminum block set-up used to monitor the cure-
kinetics 11. 
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Figure 3.3 Representative plot of near-IR absorbances of (─) pure VE and (- -) pure 
AMPS at a solvent fraction of 71.5 wt. %.  
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Figure 3.4 Representative IR spectra at VE:AMPS molar ratio of 2:3 at a 71.5 solvent 
(DMF) wt. % indicating the decrease in peak area and shift in peak position as reaction 
proceeds with time. The spectra shown are between t = 12 min and t = 1000 min; at 
which time the reaction is apparently complete.  
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copolymerizations 137, 141, which typically requires the need for peak deconvolution 30. 
The method discussed in the following for monitoring these reactive double bonds on 
both comonomers suggests a facile method to monitor individual monomer reaction rates. 
Fourier transform infrared (FTIR) analysis was performed using a Nicolet Nexus 670 
Spectrometer in the range of 4000 cm-1 to 8000 cm-1 using a DTGS detector at an 
aperture setting of 100. The resolution was set at 8 cm-1 and 32 scans were taken per 
spectrum. The sealed ampules were placed in a custom built sample holder equilibrated at 
60°C as discussed in previous work 142 and shown in Figure 3.2. Spectra were collected 
every 120 seconds until complete conversion was ascertained by the disappearance of the 
vinyl peak.  
Figure 3.3 shows the characteristic acrylate C=C peak at ~6152 cm-1 for pure AMPS 
(subscript 1) and the characteristic methacrylate C=C peak at ~6163 cm-1 associated with 
pure VE (subscript 2) at a 71.5 wt. % solvent fraction. Spectra of mixtures of the 
unreacted monomers show a resultant peak position lying between these two limits. 
Figure 3.4 shows the resultant peak position at different times during the reaction and 
also indicates that the reaction appears to be going to completion. Table 3.1 reports the 
peak position at a representative solvent fraction for varying comonomer ratios, which 
shows a direct relationship between monomer ratio and peak position. It should be noted 
that the second decimal place was a reproducible number for a calibrated sample setup.  
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Figure 3.5 Plots of absorbance versus molar concentration for (O) VE and ( ) AMPS at 
various molar concentrations of C=C bonds within the reactant mixture. The pure 
component molar absorptivity is taken as the slope of fitted line. 
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Figure 3.6 Representative calibration plots of comonomer molar ratio versus peak 
position at 75 wt. % solvent fraction with a second order curve fit.  
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Table 3.1. Dependence of peak position on molar concentration of AMPS at a fixed 
solvent content 
 
Peak Position AMPS 
(mol%) 
Solvent Content 
(wt%) (cm-1) 
0 71.5 6162.75 
33 71.5 6161.26 
50 71.5 6160.42 
100 71.5 6152.41 
 
 
In analyzing this peak information two independent parameters are of interest. First, the 
peak position was a function of the molar ratio of VE to AMPS. Second, the peak area 
was directly dependent on the total C=C bond concentration as per Beer’s Law:  
 clA ε=  3.1  
where A = absorbance (AU), ε = molar absorptivity (L mol-1 cm-1), l = path length (cm) 
and c = concentration (mol L-1). Assuming linear additivity 143 of the absorbances of VE 
and AMPS, and that the total peak area was solely a function of the total concentration of 
C=C bonds present in the system defined as:  
 222111 lclcAt εε +=  3.2  
where At is the total absorbance due to both the monomers. Equation 2 reduces to 
equation 3.3 when l is constant between experiments and ε’ = ε l. 
 2211 '' ccAt εε +=  3.3  
Figure 3.5 shows the absorbance for AMPS in DMF and VE in DMF at different 
concentrations. From Beer’s Law (Figure 3.1), the molar absorptivity is determined from 
the slope of a plot of absorbance versus concentration. These were found to be ε2’ = 0.28 
L mol-1 (for VE ) and ε1’ = 0.281 L mol-1 (AMPS).  
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Plots of the ratio between the molar concentration of VE (c2) to AMPS (c1), that is, 
c1/c2 versus peak position were fitted to a second-order equation (Figure 3.6) at a given 
solvent content. Individual plots for reactions in different solvent contents were used as 
there is a very slight dependence of peak position on solvent content. The fitted equation 
gives this molar ratio c1/c2 at any instant during the reaction as a function of peak position 
and was taken to be valid throughout the course of the reaction. At every instant at which 
c1/c2 was obtained, the peak area was recorded to give the total concentration of 
unreacted acrylate and methacrylate C=C present.  
From the peak position and peak area obtained during the course of the reaction, 
individual values of c1 and c2 were determined using equations (4-6). Defining α as:  
 
2
1
c
c
=α  3.4 
and solving equations 3.3 and 3.4 results in: 
 
)''( 21
2 εαε +
=
tAc   3.5  
 
The following are reasonable assumptions made in this analysis: (i) The molar 
absorptivities of VE and AMPS were independent of each other 144, (ii) Peak interference 
due to the presence of DMF was negligible at all times, (iii) The ratio c1/c2 calculated 
using peak positions can be computed at all instances based on the calibration curve 
obtained at initial times, and (iv) The minor dependence of peak position on solvent 
content does not appreciably affect the computation of fractional conversion.  
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3.4  Results and Discussion 
3.4.1 Cure Behavior in VE-AMPS Copolymers 
Variations in comonomer ratios, solvent fractions or initiator concentrations affects 
cure behavior and the resultant network structure. In order to study the 
homopolymerization of VE, pure VE monomer was dissolved in DMF at 33, 25, and 20 
weight percent of monomer with a BPO concentration of 0.02 molar fraction of vinyl 
groups. Figure 3.7 shows temporal conversion profiles for the three monomer 
concentrations. Spectroscopic data was analyzed using the method described in the 
experimental section for copolymerizing systems. The data show that inhibition times 
increase with increasing solvent concentrations. Moreover, the first order reaction rate 
constants from the slope of the conversion profiles below 40 percent conversion and are 
found to be 0.032 sec-1, 0.026 sec-1 and 0.019 sec-1 for the 33, 25, and 20 weight percent 
monomer solutions respectively. This change in reaction rates at varying solvent fractions 
suggests differences in the rates of diffusion-controlled termination and subsequent 
autoacceleration. This trend is in agreement with the work of other researchers 145, where 
termination rates are lowered due to the decrease in diffusion limitations on the 
segmental rearrangement of radical chain ends which can react and terminate. Analysis of 
the spectral data showed no shift in peak. This is expected and lends support to our 
assertion that peak position shifts as a result of the presence of AMPS as a comonomer 
alone. 
The addition of a comonomer affects the reaction rates of the VE and influences final 
material properties. Increasing the AMPS fraction yields softer materials. In order to 
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Figure 3.7 Temporal profile of fractional conversion in the homopolymerization of VE in 
DMF at ( ) 33 wt. %, ( ) 25 wt. % and ( ) 20 wt. % VE in DMF.  
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evaluate a subset of materials for which both the reactivity and mechanical characteristics 
may be studied, VE:AMPS molar ratios of 2:1, 1:1, 2:3 or 1:2 were selected.  
The influence of initiator concentration on reactivity was evaluated by keeping the 
molar ratio of VE:AMPS constant at 1:2 and the solvent content at 80 percent while the 
initiator concentration was either 0.02 and 0.002 mol fraction of vinyl groups. Figure 3.8 
shows temporal conversion profiles for both these compositions. As expected, a 
significant increase in reactivity of the VE and AMPS was observed at higher initiator 
concentration. The increase in reactivity is due to the increase in the number of initiated 
polymer chain ends.  
Reaction mixtures with monomer weight fractions of 28.5 and 20 percent in DMF with 
1:2 VE:AMPS ratio were compared to evaluate the influence of solvent fraction on 
reactivity, Figure 3.9 shows temporal conversion profiles for these experiments. A 
distinct influence of solvent content on the onset of the Trommsdorf effect in both the VE 
and the AMPS was observed with the onset occurring earlier and at lower conversion for 
lower solvent content. It is also apparent that the increase in reactivity at the onset of 
autoacceleration is higher for the AMPS moieties when compared to VE. This suggests 
differences in the rates of termination and propagation of active species due to diffusion 
limitations resulting from network growth. The plots show that both the monomers 
continue reacting in such solvent-loaded systems apparently nearing complete 
conversion. This is in contrast to systems where a solvent is not present. For example in 
VE-Styrene systems, only styrene continues reacting after a certain point while the VE 
double bonds trapped in microgel structures do not 146.  
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Figure 3.8 Temporal profiles of conversion at 0.002 mol % BPO (open markers) and 
0.02 mol % BPO (filled markers) at 80 wt. % solvent fraction for ( , ) VE and 
( , ) AMPS. 
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Figure 3.9 Temporal profiles of fractional conversion for a fixed molar ratio of VE (open 
markers) to AMPS (filled markers) of 1:2 at solvent fractions of ( , ) 71.5 wt. % and 
( , ) 80 wt. % showing the Trommsdorf effect. 
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Figure 3.10 Plots of fractional conversions as a function of time for (top) VE and 
(bottom) AMPS at 75 wt. % solvent fraction and molar ratios of VE to AMPS of ( ) 
1:2, ( ) 2:3 and ( )1:1. 
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Significant differences in reactivity when changing the comonomer ratio were 
observed. Temporal conversion profiles at VE:AMPS comonomer molar ratios 1:1, 1:2, 
and 2:1 and monomer weight fraction of 25 percent are given in Figure 3.10. The plot 
indicates that increasing the proportion of AMPS increases the rates of conversion in both 
the VE and AMPS double bonds similarly to findings by others 147. Higher fractions of 
AMPS result in a tendency for VE double bonds to react more rapidly. This suggests an 
increased affinity of activated AMPS moieties for VE monomers. Such behavior is 
further elucidated by an analysis of the relative reactivity between the AMPS and VE 
moieties. An understanding of the monomer reactivity ratios sheds light upon the relation 
between reactivity and structure in radical polymerization reactions. The copolymer 
composition equation, developed and used extensively elsewhere 121, 128, 129, was used as 
the basis for determining the reactivity ratios. For our VE-AMPS system, the propagation 
equations are written as: 
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kij represents the rate constant while the asterisk (*) represents an active chain end. The 
reactivity ratios in a copolymer system are defined as: 
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and are a measure of the relative rates of homopolymerization versus copolymerization in 
a system. The values for r were obtained for conversions below 15 percent. These are not 
truly a measure of intrinsic kinetic behavior since the monomer concentration and extent 
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of reaction is high 121. Nevertheless, the results are significant in the study of thermosets 
as they provide direct information of what is occurring in the early stages of 
polymerization. Furthermore, the early stage development of network structure has been 
found to influence ultimate network structure since gelation occurs at relatively low 
conversion in these systems, setting network and morphological structure early in the 
cure process. The copolymerization equation is written as: 
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and is rearranged to determine the values of rAMPS and rVE from the following equation: 
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Based on equation 3.9, values of rAMPS and rVE were generated and plotted as shown in 
Figure 3.11 for a sample set that spans two different copolymer compositions (at 
VE:AMPS ratios of 2:1 and 1:2) and two different solvent contents (66.7% and 75%). 
The optimum values were determined to be rVE = 1.35 ± 0.1 and rAMPS = 0.35 ± 0.1. 
These were taken as the x and y values at the intersection of the lines of best fit and the 
standard deviations were taken as the breadth of the region of intersection.  
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Figure 3.11 Reactivity ratios of AMPS (rAMPS) and VE (rVE) determined by the Mayo-
Lewis method. Plot shows representative data with lines of best fit at VE:AMPS ratios of 
[( ), ( )] 2:1 and [( ),( )] 1:2, and solvent fractions of [( ), ( )] 75 wt. % and 
[( ), ( )] and 66.7 wt. %. Intersection of lines gives the optimal values of rAMPS and 
rVE. 
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From these values of reactivity ratios, as well as thermomechanical analyses in the 
following section, it is evident that significant copolymerization of both monomers is 
occurring. The absence of which might otherwise lead to ‘blocky’ diphasic or 
interpenetrating types of networks structures and an overall heterogeneous monomer 
distribution. The value of rVE being close to one suggests that the rate of 
homopolymerization of VE is comparable to the addition of a reactive AMPS unit onto a 
VE. On the other hand, since rAMPS is less than one, this suggests that the 
copolymerization of AMPS with reactive VE units is favored more than the 
homopolymerization between AMPS moieties. The product of rVE and rAMPS gives 
information about the overall copolymer structure. For an ideal random structure, 
rVE.rAMPS ~ 1 and for an alternating structure, rVE.rAMPS ~ 0 128, 131. Since the product of 
rVE and rAMPS lies within this range with a value close to 0.5, the overall copolymer 
structure is expected to be a moderately random arrangement of VE and AMPS in the 
composition range investigated. Also, since rVE > 1 while rAMPS < 1, it is expected that at 
initial times, there is a faster consumption of VE (through both homopolymerization and 
copolymerization) as compared to AMPS. This reflects the higher reaction rates of VE as 
compared to AMPS discussed in previous sections.  
The occurrence of a random dispersion of AMPS within a network structure is 
desirable for applications where the requirement is to obtain sufficient ionic conductivity, 
which, in turn, depends on the connectivity between sulfonic acid groups of AMPS 
moieties. It is important to understand the dispersion of AMPS in a network structure 
since cross-linking will curtail any possible further rearrangement. This suggests that any 
structure present during reaction is the final structure that will determine network 
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properties, unlike in linear polymers where local rearrangements may occur. This has 
implications on properties as discussed in chapter 4.  
 
3.4.2 Thermomechanical Behavior and Solvent Effects on Network Structure 
Dynamic mechanical tests were used to relate comonomer reactivities to mechanical 
behavior. Figure 3.12 shows the values of the glass transition temperature, Tg, taken as 
the tan δ maximum for copolymers at VE:AMPS molar ratios of 2:1, 1:1 and 1:2. The 
plot also shows the Tg for supercritically dried VE homopolymers at different solvent 
fractions and pure VE. At molar ratios of 1:1 and 1:2, the Tg’s are lower than that of the 
homopolymers at comparable solvent fractions. This is probably due to the plasticizing 
effect via chain extension that AMPS has on a highly crosslinked VE network and is 
similar to trends observed previously in VE-styrene systems 148, where a higher styrene 
content results in lowered Tgs. At a VE:AMPS ratio of 2:1 though, the Tgs are higher than 
those of the VE homopolymers. It suggests that low AMPS concentrations might cause 
previously inaccessible vinyl groups to further react into the network. This could result in 
the reduced formation of microgels which are known to occur in VE networks 121, that 
could otherwise potentially lower the Tg by trapping unreacted chain ends.  
An increase in the solvent fraction at constant comonomer ratios does not cause 
appreciable reductions in Tg that are expected due to cyclization 52, 149, 150. Rather, Figure 
3.12 shows a generally constant or slightly increasing trend in the Tg of the VE 
homopolymer and the copolymers. Table 3.2 compares the Tgs of the thermally and 
supercritically dried films at two comonomer ratios and different solvent fractions. The 
increase in the Tg of the copolymers with increased solvent fractions occurs irrespective 
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of drying technique. The observed increase in Tg is probably due to a higher ultimate 
conversion at high solvent fractions 151, as the Tg of a polymer is known to be 
proportional to the conversion. The increased Tg does not appear to be explainable in 
other ways such as by the presence of residual solvent or cyclization as these effects are 
known to decrease the Tg. Although Figure 3.4 shows an apparent completion of the 
reaction, it is known that IR methods are only sensitive to within a few percent 152 and 
this could be an explanation for the absence of measurable reaction at very high degrees 
of conversion.  
Table 3.2 shows the measured Tg’s of the supercritically dried samples are higher than 
the thermally dried samples. This suggests that the presence of any residual solvent may 
not be the primary reason for the depressed Tg in thermally dried samples but is rather 
due to the presence of some other fraction that plasticizes the thermoset. Figure 3.13 
shows GPC traces comparing the soluble extract from thermally and supercritically dried 
copolymers at a 75 percent solvent fraction and a 1:1 molar ratio of VE to AMPS. The 
GPC trace of pure VE is also shown for comparison. From these traces, there appears to 
be a small fraction of an extractable phase different from that of unreacted VE. The peak 
at a retention time of 11.5 minutes (Mw = 32,000, based on polystyrene standards) 
corresponds to molecules that are not covalently bound to the crosslinked network. 
Although these molecules show up in both the thermally and supercritically dried 
samples, it occurs at a relatively lower concentration in the latter. This implies that the 
fraction of chains not contributing to overall network formation are being extracted with 
the aid of the CO2 used during the drying process. The  
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Figure 3.12 Plot showing the variation in Tg with solvent content at differing comonomer 
feed ratios and solvent contents; supercritically dried samples at VE:AMPS comonomer 
ratios of ( ) 0, ( ) 2:1, ( ) 1:1 and ( ) 1:2 and (- - - ) VE without supercritical 
extraction. 
 
76
 
 
 
 
 
 
 
Figure 3.13 Representative GPC traces of liquid phase extract showing unbound, high 
molecular weight and unreacted lower molecular weight fractions from samples that are 
(a) thermally dried versus (b) supercritically dried at a VE:AMPS ratios of 1:1 at a 75 wt. 
% solvent fraction compared to (c) pure VE. 
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extraction does not take place during thermal drying as only the DMF may be vaporized 
during temperature ramps. It is possible that it is this increased fraction of unbound 
molecules in thermally dried samples which contributes toward a net lowered Tg.  
 
Table 3.2. Comparison between thermally dried and supercritically dried films at 
varying solvent contents and molar AMPS concentration 
 
Solvent 
content 
(%) 
67% AMPS 
(thermal) 
(°C) 
67% AMPS 
(scdried) 
(°C) 
50% AMPS 
(thermal) 
(°C) 
50% AMPS 
(scdried) 
(°C) 
50 124 146 126 167 
66.7 121 147 a 164 
75 128 152 141 160 
80 135 a 152 a 
83.3 139 a a a 
a not measured 
 
3.5  Summary 
The results of this chapter show that it is possible to realize a combination of 
hydrophobic and hydrophilic, well-dispersed, and mechanically-stable copolymers via a 
thermally initiated, free radical copolymerization scheme. The method developed to track 
the methacrylate-acrylate reaction was found to be useful in studying polymerization 
kinetics and can be extended to study reactions in similar copolymerizing methacrylate-
acrylate type systems. The computed reactivity ratios suggests a random copolymer 
structure for the comonomer ratios investigated. Thermomechanical analysis indicates 
glass transition temperatures above 120°C. Increasing solvent fractions caused an 
increase in the Tg and is suggested to be due to increased ultimate conversions. 
Comparisons between drying techniques indicate a small fraction of a high-molecular 
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weight, soluble phase within the network for thermally dried membranes that lowers the 
glass transition temperature.  
This understanding of the structure and corresponding thermomechanical properties in 
copolymers of VE and AMPS provides a basis for chapter 4, which explores membrane 
properties in relation to the introduction of porosity and variations of comonomer ratios.  
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CHAPTER 4: COPOLYMERIZATION OF VE AND AMPS: 
EVALUATION OF MEMBRANE PROPERTIES 
 
4.1  Introduction 
Chapter 3 investigated the copolymerization behavior of hydrophobic and hydrophilic 
monomers and suggested a relatively homogenous distribution of AMPS within the 
network structure. This chapter investigates in detail membrane properties in terms of 
linking porosity and structure to proton conductivity and water uptake characteristics. An 
understanding of membrane properties are connected to the development of proton 
exchange membranes (PEM) for fuel cell applications. 
A brief background on the development of PEMs based on the AMPS monomer and a 
discussion on the states of water is presented in section 4.2. Section 4.3 discusses the 
experimental details for membrane preparation and measurements. Section 4.4.1 
discusses the incorporation of porosity into copolymer thermosets by the reactive 
encapsulation of solvent technique, where pore volume is controlled by the weight (and 
volume) fraction of solvent used during synthesis. Sections 4.4.2 and 4.4.3 investigate the 
relationship between the water content in hydrated membranes to the concentration of 
hydrophilic AMPS groups and the pore volume generated in the thermoset by 
supercritical drying. The states of water are further separated into freezable and non-
freezable fractions. These changes are linked to the pore volume fraction and AMPS 
concentrations in copolymer membranes as well as observations on the states of water for 
AMPS monomer and poly(AMPS) homopolymers. Section 4.4.4 discusses the 
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relationship between proton conductivity and freezable water content within copolymer 
membranes, with comparisons drawn to Nafion®. Section 4.4.4 also evaluates the proton 
mobility as a function of the volume fraction of water in each membrane and shows 
interesting links between tuning the membrane properties by controlling the parameters 
of porosity and hydrophilicity. The fuel cell performances of membranes are evaluated 
and compared to Nafion® 117 in section . Section 4.4.6 summarizes chapters 3 and 4 with 
conclusive insights that have been gained in this study.  
 
4.2  Background 
4.2.1 Development of PEMs based on AMPS 
A common strategy in the design of polymer electrolyte membranes (PEMs) for fuel 
cells is the balancing of hydrophobic and hydrophilic segments to obtain a membrane 
with combined mechanical stability and high proton conductivity 153. The benchmark 
membrane, Nafion®, successfully combines a highly fluorinated hydrophobic backbone 
with hydrophilic, sulfonic acid group terminated side chains. This combination results in 
a structure of microphase separated hydrophobic and hydrophilic domains where proton 
conduction in hydrated polymers takes place through ionic water channels thought to 
associate between hydrophilic species 154. The distribution of these ionic domains and the 
corresponding polymer structure has significant effects on membrane properties 29, 31, 155 
and have been reviewed extensively 40, 154, 156. The use of sulfonic acid groups in 
particular have seen considerable use since these groups are versatile and may be readily 
used in polymer systems. Suitable membranes have been prepared by the sulfonation of 
polymers, such as poly(p-phenylenes) 157, polybenzimidazoles 158, or polyimides 159, 
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where electrophilic aromatic substitution with sulfonic acid groups alters hydrophilicity 
and proton conductivity. Such a method is advantageous since a wide range of polymers 
can be tailored for electrochemical applications. Alternatively, the use of monomers with 
sulfonic acid groups have been used to accurately control the chemical structure of the 
resulting polymer to avoid post-sulfonation reactions 160. For this, 2-acrylamido 2-methyl 
1-propane sulfonic acid (AMPS) has been widely investigated in proton-conductive 
applications due to the ease of synthesis and excellent water uptake and retention 
properties 127. Since poly(AMPS) is water-soluble, it is necessary to stabilize the polymer 
to obtain membranes that combine proton conductivity with mechanical integrity and 
controlled water uptakes. Examples in which AMPS have been utilized include 
copolymers of AMPS with hydroxyl ethyl methacrylate and hydroxy 
diethanolaminoproprylmethacrylate dispersed within a hydrophobic acrylate matrix 161, 
copolymerizations with acrylamides 127, 162, and interpenetrating networks of cross-linked 
AMPS within Nafion® 163. This chapter evaluates cross-linked copolymer networks 
consisting of hydrophobic diglycidyl ether of bisphenol A vinyl ester (VE) as a cross-
linker with AMPS as a chain extender in order to achieve controlled swelling at high ion 
exchange capacities (IEC). VE does not participate in water uptake and proton 
conductivity, but lends mechanical stability to the membrane. Chapter 3 showed that 
these copolymers occur in a random dispersion within each other and should result in 
properties that are a combination of both the hydrophobic and hydrophilic units. 
Additionally, the supercritical drying evaluated in chapter 3 is used to incorporate 
porosity and investigate the influence on properties by adding another level of structure.  
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4.2.2 States of Water in Polymers 
It is also important to understand and control water uptake in a membrane since 
flooding or drying during fuel cell operation can be problematic 164. Water residing 
within hydrated polymers is classified as bound or unbound water as determined by 
spectroscopic, calorimetric and gravimetric measurements 165-168. This classification is 
primarily based on differences in the thermodynamic transitions of water in the presence 
of interactions with the polymer. The bound water fraction (or non-freezable water) is 
thought to reside in a highly solvated primary shell lining ionic and polar species along 
the polymer chain 155 and does not nucleate to undergo crystallization. The unbound 
water fraction (or freezable water) is similar to bulk-like water and exhibits a melting 
transition around 0°C and is detectable via calorimetry. Within this freezable non-bound 
water fraction, it is also known that in some cases there may be an additional fraction of 
water defined as a freezable bound water fraction. This corresponds to an additional 
phase of water with a crystallization/melting temperature that is lower than that of bulk 
water and is measurable only for certain polymers such as polyhydroxystyrene 169 or 
poly(vinylalcohol) 170, 171. Knowledge about these states of water is important since 
proton conductivity is a strong function of the nature and concentration of water within a 
polymer 172-174. 
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4.3  Experimental Section 
4.3.1 Materials 
In addition to the materials used in section 3.2.1, poly(AMPS) (Mw = 1.3 × 106 Da, 
19.86 wt% in water, Polysciences, NY) was used as obtained. De-ionized water, 2-
propanol 99.5% (Aldrich, CAS: 67-63-0), 5 wt. % Nafion® in water/2-propanol solution 
(Ion Power), and 20 wt. % Pt on carbon catalyst (XC-72, ETEK) were used to formulate 
the catalyst ink. Catalyst ink was loaded through multiple painting and drying steps onto 
ELAT gas diffusion layers (ETEK) single sided (A-6 ELAT/SS/NC/V2.1 ELAT (R) 
V2.1) and double sided (A-7 ELAT/DS/NC/V2.1 ELAT (R) V2.1) woven carbon cloth 
with a microporous coating. A 0.381 mm (15 mil) thick virgin PTFE Teflon® (McMaster 
Carr) gasket completed the construction of the membrane electrode assembly (MEA).  
 
4.3.2 Membrane Synthesis and Ion Exchange Capacity (IEC) 
Membranes used for characterization were prepared using an assembly of glass slides 
and Teflon® spacers with a thickness of approximately 500 μm. Membranes with varying 
molar ratios of VE to AMPS were prepared in DMF at different solvent to monomer 
weight ratios. The molar ratio of BPO to vinyl groups was fixed at 0.02. The samples 
were cured at 60ºC in sealed bottles for a week and complete conversion was ascertained 
using infrared spectroscopy 175. Table 4.1 lists the samples synthesized with the 
corresponding concentrations used. The nomenclature defined for these samples contains 
the molar ratio between VE and AMPS used and the weight fraction of the solvent used 
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in a comonomer and solvent mixture. Therefore, a VAD-21-50 formulation consists of a 
2:1 molar ratio of VE to AMPS and 50 wt. % solvent in the comonomer-solvent mixture.  
The IEC of an ionomer is typically defined as the mmol of ionic groups per gram of 
polymer 29. For the VAD membranes in this work, the IEC was computed as the ratio 
between the mmol of sulfonic acid groups (based on the known concentration of AMPS 
added at each VE:AMPS comonomer ratio) and the weight of the dry polymer. These 
values of IEC for each membrane are listed in Table 4.1. The effective proton mobility, 
μeff, was calculated in a similar manner to that of Peckham et al 12.  
 
4.3.3 Water uptake and State of Water  
Water uptake of the membranes was defined as 100 × (Wwet – Wdry)/Wdry, where Wwet 
and Wdry are the wet and dry weights of the membranes, respectively. The total wet 
weight fraction of water, in the membranes was computed as 100 × (Wwet – Wdry)/Wwet. 
The total volume fraction of water, φ, was calculated as:  
 
copolymer
tot
tot
tot
WW
W
ρ
ϕ
)1( −
+
=  4.1 
where the density of water was taken as 1.0 g/cc and the bulk density of the copolymers, 
ρcopolymer, were calculated based on mixing rules from the densities of VE and AMPS 
determined using group contribution methods 176 (ρVE = 1.13 g/cc and ρAMPS = 1.26 g/cc) 
(see Appendix A). The density of copolymer was calculated in this manner due to the 
presence of a large solvent-induced porosity (explained in following sections), which 
would result in deviations if standard volumetric measurement techniques were used. All 
water uptake measurements were carried out at ambient temperatures after immersion in 
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deionized water and at equilibrium which was reached within 24 hours with the precision 
of the balance being within ± 1 mg.  
Differential scanning calorimetry (DSC) measurements were carried out to determine 
the amounts of freezable water in the water-equilibrated polymer sample. Prior to DSC 
analysis, any residual DMF was removed by drying the samples. The experiments were 
performed on a TA instruments DSC Q2000 using a sample of known weight in a 
hermetically sealed aluminum pan. Scans were performed by quickly cooling the sample 
to -70°C followed by a ramp to 50°C at a rate of 10°C/min. The freezable water, Wfr, in 
the polymer was computed as the ratio between the integral of the area under the 
endotherm at 0°C, and the enthalpy of melting of pure water, which was measured as 
333.4 J/g in this instrument. The non-freezable water, Wnon-fr, in the sample was then 
computed as the difference between Wtot measured from gravimetry and Wfr measured 
using the DSC 167. From these values, λ for the freezing or non-freezing portion of the 
water content was determined using equation 4.2; viz. 
 
)(
)0(
3
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HSOmol
Hmol
=λ  4.2 
where the moles of H2O (either freezing or non-freezing) was determined from Wfr and 
Wnon-fr and the moles of sulfonic acid groups from the known weight fraction of AMPS at 
each comonomer ratio.  
 
4.3.4 Supercritical CO2 Drying and Scanning Electron Microscopy 
The DMF from the copolymer-solvent system was removed using liquid extraction 
and drying with supercritical carbon dioxide in a critical point dryer (SPI supplies, West 
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Chester, PA). Liquid CO2 contacts the DMF-swollen membranes and was continuously 
exchanged with fresh liquid CO2 while the chamber was kept between 5 and 10°C. 
Following sufficient exchange with liquid CO2 and after equilibration, the CO2 was 
slowly removed from the membrane while in its supercritical state (31.1°C and 71 bar).  
Micrographs were obtained on room-temperature fractured, cross-sectional surfaces of 
platinum sputter coated membranes using an environmental field emission scanning 
electron micrograph (FESEM, model XL30 ESE FEG).  
 
4.3.5 Proton Conductivity 
The proton conductivity of each polymer membrane was determined by AC 
impedance spectroscopy. The measurements were taken between 10 Hz and 100 kHz 
using a Solartron AC impedance system (1260 impedance analyzer, 1287 electrochemical 
interface, Zplot software). Measurements were taken normal to the plane of the 
membrane with the use of a two-electrode cell comprised of 1.22 cm2 stainless steel 
blocking electrodes, enclosed in a sealable Teflon® cell. The conductivity was taken as 
the real part of the impedance with a linear fit of the data in the frequency range of 10 
kHz and 100 kHz. All measurements were taken at ambient conditions on samples 
equilibrated in DIW for 24h.  
 
4.3.6 Membrane Electrode Assembly (MEA) and Fuel cell Testing  
MEAs were composed of a polymer electrolyte membrane (PEM), a catalyst layer 
made of platinum supported on carbon particles (Pt/C) in a Nafion® polymer network, 
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and single and double sided GDL. The catalyst layer (CL) was formed from a catalyst ink 
composed of three components: Pt/C particles, Nafion® ionomer solution, and a water/2-
propanol solvent. Preparation of the ink included preparing the water/2-propanol solvent, 
where these two components were mixed in a 3:1 2-propanol:water v/v ratio. This solvent 
was then mixed with Pt/C particles to make a 5 wt. % particles in solvent solution. The 
catalyst particles were dispersed in the solvent through ultrasonication (sonicating bath; 
Cole-Parmer 8890), which was conducted for 20 minutes at 30 °C. The next step was the 
addition of Nafion® ionomer solution. Studies have shown that optimal fuel cell 
performance was obtained with a catalyst layer containing 33 wt. % by solid weight 
Nafion® 177. Nafion® ionomer solution was added to the mixture of Pt/C and water/2-
propanol in a 3:1 Pt/C:Nafion w/w ratio. Dispersion was again enhanced by 
ultrasonication for 20 minutes at 30 °C. Preparation of the CL consisted of multiple 
cycles of hand painting the ink onto both the single sided and double sided GDLs 
followed by a sufficient drying period prior to application of the subsequent ink layer. 
This process was repeated until the desired catalyst loading of 0.5 mg/cm2 Pt was 
achieved. Due to the brittle nature of the PEMs upon dehydration, hot pressing of the 
catalyst layer onto the membranes was not carried out. Both the anode and cathode 
catalyst layers were transferred to the membrane by placing them on either side of the 
PEM in the fuel cell assembly and applying torque to the bolts to induce contact between 
the CLs and the PEM.  
Each MEA was tested in a 5 cm2 fuel cell assembly supplied by Scribner Associates, 
Inc. Each MEA was placed between two serpentine flow field graphite plates, which 
were separated by a 0.381 mm thick Teflon® gasket. The setup, including flow plates, 
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MEA, and gasket, was placed between two copper electrodes followed by two endplates. 
The entire setup was held together by tie rods (bolts) connecting the two endplates. These 
tie rods were tightened at 100 in-lbs (11.3 m-N) of torque. Fuel cell performance of each 
MEA was characterized by polarization curves (voltage vs. current density), which were 
plotted from data recorded by an 850C fuel cell testing station (Scribner Associates, Inc.). 
The test station is configured to run with hydrogen (industrial grade, nominal 10 ppm 
CO) and air fuels with a nitrogen purge. Fuel cell tests were conducted at 25 psi 
backpressure on both the anode and cathode, 1.0 and 0.5 L/min flow rates for the cathode 
and anode respectively, and 25°C humidification and stack temperature. Polarization 
curves were run from open circuit voltage (system voltage in the absence of a load) to a 
terminal voltage of 0.2 V at increments of 0.01 V every 10 seconds. Five polarization 
curves were collected in succession for each MEA in order to ensure an equilibrium 
performance. 
 
4.4  Results and Discussion 
4.4.1 Investigation of Porosity and Network Structure 
The evolution of structure is influenced by two major considerations. Firstly, the 
molecular structure formed during copolymerization is governed by the mutual reactivity 
of the comonomers and diffusion limitations during network growth 128. This effect has 
been analyzed based on the monomer reactivity ratios of chapter 3, which suggested a 
moderately random copolymer resulting in a good dispersion of AMPS within a VE 
network.  
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Secondly, in the presence of a chemically inert solvent, phase-separation between the 
solvent and the gel phase can result in heterogeneous polymer networks, which are 
macroporous in nature. In such a case, network porosity is determined by the 
characteristics of the polymerization reaction and solvent quality 178. In the absence of 
this phase-separation, an expanded, solvent-swollen network structure would result 
during polymerization. If the solvent is removed using conventional means (such as 
drying in an oven), the result would be a non-porous polymer in its glassy state. To avoid 
this, solvent removal from a homogenous polymer-solvent system using supercritical 
CO2 can freeze in a secondary structure within a thermoset that reflects the volume 
fraction occupied by the inert solvent. Evacuation of solvent pockets in this way prevents 
collapse of the fine structure within the thermoset due to capillary pressure and polymer 
relaxation effects 111, 179. An example of such a network structure is an epoxy-amine-
tetrahydrofuran (polymer-solvent) thermoset, which was shown to exhibit nanoscopic 
porosity 111. In the present case of a VE-AMPS system, DMF was used as a common 
solvent since AMPS was insoluble in tetrahydrofuran. Figure 4.1 shows typical 
membranes at a VE:AMPS molar ratio of 1:2 with solvent fractions between 67 and 83 
wt. % after complete cure and before solvent removal. These membranes are clear, 
suggesting an absence of nanophase separation during the course of the reaction and 
indicating that membranes synthesized in the presence of DMF results in expanded 
network structures.  
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Figure 4.1 Examples of typical membranes at VE:AMPS molar ratios of 1:2 synthesized 
with DMF at solvent fractions of (left to right) 67, 75, 80, and 83 wt. %.  
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Membranes prepared for SEM analysis were evaluated at VE:AMPS comonomer 
molar ratios of 1:1 and 1:2 and solvent fractions of 50 and 80 wt. %. A lower bound of 50 
wt. % solvent was used since it was not possible to dissolve the comonomers into DMF at 
room temperature below this value. Following liquid extraction and supercritical drying 
of the membranes, fractured cross-sectional surfaces were imaged as shown in Figure 
4.2. From the micrographs, trends were observed depending on the solvent fraction used. 
Figures 4.2a and 4.2c show that at a solvent fraction of 50 wt. %, distinct, open pores 
were not visible by this technique. When the solvent fraction was increased at a constant 
comonomer ratio, there was an increase in the visible porosity as shown in Figures 4.2b 
and 4.2d; pore sizes between 10 nm and 60 nm in diameter at a solvent fraction of 80 wt. 
% for both comonomer ratios were observed. From these micrographs, variations in 
porosity with changes in comonomer ratios were not apparent.  
The pore morphology observed in such a free-radically copolymerized network is 
qualitatively different from the very open, bicontinuous pore structure seen in step-
growth epoxy-amine polymers 110. This could be due to the inhomogeneous molecular 
weight between cross-links of free-radically polymerized thermosets. Moreover, the 
generation of this pore morphology is a result of the processing technique and is strongly 
dependant on processing parameters. The pore structure, largely, is an artifact of the 
drying process and does not accurately indicate the volume originally occupied by DMF. 
Rather, this observed morphology is more an indication of a structure obtained by the 
exchange process during initial contact with liquid CO2. The micrographs in Figure 4.2 
serve only as a comparison between structures developed at varying solvent fractions. 
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Figure 4.2 SEM micrographs of supercritically dried VAD membranes at (a) VAD-11-50 
(b) VAD-11-80 (c) VAD-12-50 and (d) VAD-12-80.  
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4.4.2 Investigation of States of Water in Hydrated Membranes  
Figure 4.3 is a plot of equilibrium water uptakes as a function of solvent fraction for 
supercritically dried membranes at different comonomer ratios. The plot indicates that 
increasing the AMPS concentration at an equivalent solvent fraction results in step 
changes in equilibrium water uptakes. For example, at a solvent fraction of 80 percent, 
and at VE:AMPS molar ratios of 2:1, 1:1 and 1:2, the average equilibrium water uptakes 
were 25, 120, and 275 percent, respectively. A trend of increasing water uptakes with 
AMPS concentrations was observed at all solvent fractions. This increase in water uptake 
is expected since AMPS is a highly hydrophilic polymer with sulfonic acid groups that 
strongly interact with water 127.  
The data in Figure 4.3 also indicate differences in the equilibrium water uptakes at 
varying initial solvent fractions, but constant VE:AMPS molar ratios (and IEC). For 
example, at VE:AMPS molar fraction of 1:2, the water uptake of the membranes 
increased from 140 to 410 percent as the solvent fraction was varied between 50 and 83 
percent. This trend of increasing water uptakes with solvent fraction was apparent in 
copolymer membranes at a VE:AMPS molar ratios of 2:1 and 1:1, although the rate of 
increase was not as pronounced. A variation in the solvent fraction does not alter the 
inherent concentration of hydrophilic sulfonic acid groups (and overall network 
hydrophilicity). Rather, from the previous section, it was shown that a change in the 
solvent fraction alters membrane pore volume. It is conceivable that this pore volume 
contributes towards the increased water uptakes at a constant IECdry by allowing water to 
reside within the pores.  
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Figure 4.3 Equilibrium water uptake values for supercritically dried polymer membranes 
represented as a function of solvent fraction at VE:AMPS molar ratios of ( ) 1:2, ( ) 
1:1 and ( ) 2:1.  
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Figure 4.4 Representative DSC thermograms of water equilibrated membranes at 
VE:AMPS ratio of 1:2 at solvent fractions of (a) 50, (b) 67, (c) 75, (d) 80, and (e) 83 wt 
% and (f) DIW water. Curves are endotherm down and offset for clarity.   
(e) 
(d) 
(c) 
(b) 
(f) 
(a) 
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It may be argued that the observed variation in swelling behavior could be due to 
differences in the cross-link densities of membranes 31 synthesized at different solvent 
fractions. In such a case, the correlations observed between pore volume and water 
uptakes would be seen in non-porous copolymers as well. Samples at a VE:AMPS molar 
ratio of 1:1 and 1:2 synthesized at solvent fractions between 50 and 83 percent were 
synthesized and thermally dried to remove DMF and collapse the pore walls in the 
process. Subsequent equilibration in water showed uptakes of 18 ± 4 % regardless of the 
initial solvent fraction or comonomer ratios used. Lower water uptakes upon thermal 
drying might be attributed to a lower accessibility of sulfonic acid groups irrespective of 
variations in solvent fraction or AMPS content. In other words, the result suggests that 
the porosity induced during supercritical drying has a strong effect on the spatial 
arrangement of sulfonic acid groups, which in turn affects the water uptake behavior. 
This contention was further verified by calorimetric measurements, which were used to 
distinguish the states of water in the copolymer.  
Figure 4.4 shows representative DSC thermograms of water-equilibrated membranes at 
a VE:AMPS molar ratios of 1:2 and at solvent fractions between 50 and 83 percent 
compared to DIW during a heating scan (offset for clarity). The melting transitions 
around 0°C are consistent with observations by others and are similar to the transition 
observed for free water using the instrument. The plot shows that a higher initial solvent 
fraction corresponds to higher water uptakes and is reflected by the increased melting 
endotherms.  
Figure 4.5 plots the equilibrium weight fraction of water as a function of solvent 
fraction for membranes synthesized at different comonomer ratios. These fractions were 
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separated into the percentage of freezable and non-freezable water as determined from 
calorimetric and gravimetric measurements. The average value for the non-freezable 
water were found to be practically constant at 16 ± 3, 19 ± 5 and 16 ± 7 wt. %, at 
VE:AMPS molar ratios of 2:1, 1:1, and 1:2 respectively, and at solvent fractions between 
50 and 83 percent. Definitive trends in the non-freezable water fraction based on the 
solvent fraction and AMPS concentration of the membranes were not observed. This 
constant value might be suggestive of a critical non-freezable water concentration beyond 
which bulk-like water begins to accumulate in the polymer, similar to observations in 
hydrated gelatin 180 and polyvinyl alcohol membranes 181.  
On the other hand, the freezable water fraction showed an increase in proportion to the 
initial solvent fraction and AMPS content. For VAD-11 membranes, this increase was 
from 6 to 50 wt.  % and for VAD-12 membranes this was from 18 to 70 wt. % for solvent 
fractions of 50 and 83 wt. %. The increase in the freezable water in proportion to the 
solvent fraction suggests that pore volume significantly increased the ability to 
accumulate bulk-like water within the pore space. This accumulation of water within a 
pore volume has been thought to occur both in Nafion® 182 and grafted fluoropolymers 
168, but this is the first time, to our knowledge, that micrographs complement such a 
hypothesis. 
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Figure 4.5 Plot of freezable (filled markers) and non-freezable (open markers) water 
content for membranes at VE:AMPS molar ratios of ( , ) 2:1, ( , ) 1:1 and ( , ) 
1:2 evaluated at varying solvent fractions from DSC and gravimetric measurements.  
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At a VE:AMPS ratio of 2:1, the freezable water fraction was approximately constant at 
1 wt. % at solvent fractions between 50 and 83 wt. %. Since the freezable water is 
thought to accumulate within the pore space, the chemical nature of groups at the pore 
wall becomes important. The small fraction of freezable water suggests that at a large VE 
concentration, the predominantly hydrophobic network possibly results in an unfavorable 
environment for the agglomeration of water within the pore volume. At higher AMPS 
concentrations though, the pore walls would be more hydrophilic and accumulation of 
water within this pore volume might be more likely. Therefore, the pore volume can be 
thought of as pockets surrounded by varying concentrations of sulfonic acid groups that 
promote the agglomeration of water within.  
Section 4.4.1 indicated that comparisons of pore sizes at low solvent fractions were not 
observable from microscopic evidence. Based on the understanding developed this far, 
the pore volume is thought to accumulate the freezable water fraction while the non-
freezable water fraction is essentially a surface water fraction, which interacts with the 
sulfonic acid groups. This is indicated in Table 4.1, where significant variations in the 
freezable water content are seen while not apparent in the non-freezable water content. A 
characteristic radius can then be determined which is represented as the ratio between the 
freezable and non-freezable water fraction at any instant. Microscopic evidence reveals 
that at an 80 wt. % solvent fraction, the average pore size is 60 nm in diameter. 
Considering this characteristic pore diameter to represent the ratio between the freezable 
and non-freezable water at a 80 wt. % solvent fraction, characteristic pore size for the 
other solvent fractions can be generated as well. This is shown in Figure 4.6 where the 
average pore size is seen to vary between 4 nm and 132 nm in diameter for solvent 
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fractions between 50 and 83 wt. %. The computation of characteristic pore sizes is 
possible only for systems in which the pore walls are completely wetted out and a true 
volume to surface area ratio can be ascertained, that is, only at high AMPS contents. For 
copolymer membranes at a VE:AMPS ratio of 2:1, the freezable water fraction is close to 
zero, indicating that although a pore volume is present (see Appendix A) in these 
copolymer membranes, they cannot agglomerate water due to the large hydrophobic 
component present.  
 
4.4.3 Comparison of Water Content in Copolymer Membranes, poly(AMPS) and 
AMPS Monomer  
The increase in IEC (and AMPS concentration) was expected to result in corresponding 
increases in the non-freezable water due to the increased availability of binding sites. 
Since this was not immediately apparent, the moles of water associated per mole of 
sulfonic acid groups (λ) was analyzed. Table 4.1 lists the values of λ separated into its 
freezable (λ|fr), and non-freezable (λ|non-fr) fractions. The data shows that λ|fr increases 
with solvent fraction at VE:AMPS comonomer ratios of 1:1 and 1:2. This increase in 
total water uptake is consistent with the increase of pore volume. For example, at a 
VE:AMPS ratio of 1:2, λ|fr increased from 3 to 12 for solvent fractions between 50 and 83  
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Figure 4.6 Plot of average pore diameter of supercritically dried copolymer at varying 
solvent fractions for a VE:AMPS ratio of ( ) 1:1 and ( ) 1:2 estimated from an analysis 
of the ratio between the freezable and non-freezable water fractions.  
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percent and λ|fr increased from 1 to 10 at a VE:AMPS ratio of 1:1. For VE:AMPS 
comonomer ratios of 2:1, 1:1 and 1:2, the λ|non-fr remained constant with average values of 
5.9, 4.4, and 2.9 respectively, independent of the solvent fraction used and is similar to 
the data shown in Figure 4.5 where the non-freezable water fraction was unchanged at all 
solvent fractions. Interestingly, the data also indicates that λ|non-fr was lower at higher 
AMPS concentrations although it is known that water preferentially binds onto these 
ionic sites.  
The effects of sulfonic acid concentration on states of water was studied by 
investigating interactions of water with AMPS monomer and poly(AMPS) homopolymer 
as compared to interactions between water and cross-linked VAD membranes. These 
systems were so chosen because AMPS monomer units in water would reflect an 
unhindered environment, where macromolecular structure will not affect interactions 
between sulfonic acid groups and water.  
Figure 4.7 is a plot of λ|non-fr as a function of AMPS weight fraction in DIW measured 
between 4 and 35 wt. %; for either the monomer or homopolymer. The data shows that as 
there is a gradual decrease in λ|non-fr from 14 to 10 between AMPS concentrations of 4 to 
35 wt. %. The data measured for the poly(AMPS) at 5 and 10 wt. % in DIW was also 
consistent within this trend and suggests that the linear polymer behaves in a similar 
fashion to the monomer units. An increase in the concentration of AMPS units reduces  
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Table 4.1 Properties of samples synthesized in this study 
 
VE:AMPS IEC DMF Water content
Sample Name 
(molar 
ratio) (mmol/g)
(wt. 
%) 
(wt. 
%) 
Water 
content 
 (vol. 
%) 
λ|fr λ|non-fr 
VAD-21-50 2:1 0.82 50 15 17 0.1±0.1 5.1±0.1
VAD-21-67 2:1 0.82 67 18 20 0.2±0.3 5.9±0.3
VAD-21-75 2:1 0.82 75 19 21 0.3±0.1 6.3±0.1
VAD-21-80 2:1 0.82 80 20 22 0.3±0.4 6.6±0.4
VAD-21-83 2:1 0.82 83 16 18 0.1±0.1 5.4±0.1
        
VAD-11-50 1:1 1.34 50 28 32 0.8 5.7±0.1
VAD-11-67 1:1 1.34 67 40 44 3.6±1.5 5.6±1.5
VAD-11-75 1:1 1.34 75 47 51 6.7±1.5 4.1±1.5
VAD-11-80 1:1 1.34 80 54 58 8.0±0.8 4.5±0.8
VAD-11-83 1:1 1.34 83 55 60 10.1±0.5 2.6±0.5
        
VAD-12-50 1:2 2.1 50 44 49 2.7±0.5 4.9±0.5
VAD-12-67 1:2 2.1 67 58 63 6.9±0.2 3.0±0.2
VAD-12-75 1:2 2.1 75 67 72 9±0.8 2.5±0.8
VAD-12-80 1:2 2.1 80 74 77 10.3±0.5 2.4±0.5
VAD-12-83 1:2 2.1 83 80 83 12.4±0.7 1.4±0.6
        
Nafion® 117 a n/a 0.91 n/a n/a n/a 18 2.2 
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Figure 4.7 Plot of λnon-fr at different AMPS concentrations for AMPS monomer (open 
circles) and poly(AMPS) homopolymer (filled circles) at varying weight fractions of 
AMPS in DIW.  
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the interatomic distance between sulfonic acid groups. Therefore, it may be possible that 
interactions between ion pairs 183, such as hydrolyzed sulfonic acid groups, becomes 
more pronounced at higher concentrations due to this reduced distance, and might 
become stronger than interactions between sulfonic acid groups and water. This change, 
in association of water with sulfonic acid groups, is reflected in the decrease of λ|non-fr at 
high AMPS concentrations as shown in Figure 4.7. In polymer systems consisting of 
thermodynamically dissimilar structural units, a rearrangement of sulfonic acid bearing 
chain ends into clusters may occur 154 resulting in inhomogeneous local concentrations, 
where average interatomic distances are further reduced. This has been observed in 
Nafion®117 and sulfonated polyetherketone membranes through X-ray scattering 
measurements 154. This microphase separation is highly pronounced in fluorinated 
systems, such as Nafion®, due to the large mismatch in interaction parameters along the 
polymer backbone. It is possible that the value of λ|non-fr (2.2) 184, 185 observed for Nafion® 
might be a reflection of this local rearrangement, where interactions between groups 
located in clusters might compete with interactions between each other and water. The 
lowering of λ|non-fr in VAD membranes shown in Table 4.1 might be due to similar 
reasons although cross-linking would prevent large scale rearrangements of polymer 
chains. Rather, it is likely that there is a greater local concentration of sulfonic acid 
groups around the pore wall at higher AMPS contents, which mimics the effect of an 
increased concentration as shown in Figure 4.7. Interestingly, for similar IECs, λ|non-fr 
was higher for VAD-21 membranes (6 at 0.82 meq/g) than Nafion® (2.2 at 0.91 meq/g), 
which was indicative of the effects of cross-linking and porosity on the localization of 
water. Since the confinement of water within such sulfonic acid lined nanosized cavities 
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in turn can alter membrane proton conductivity, the relationships between conductivity 
and water content were analyzed.  
 
4.4.4 Correlations between Proton Conductivity, Mobility and Network Structure 
Figure 4.8 shows a plot of the conductivity as a function of solvent fraction for fully 
hydrated membranes at VE:AMPS molar ratios of 2:1, 1:1 and 1:2 and between solvent 
fractions of 50 and 83 wt. %. The highest average conductivity was found to be 
approximately 0.03 S cm-1 at a VE:AMPS molar ratio of 1:2 and was comparable to that 
of Nafion®117 (0.027 S cm-1) measured using the same technique. The average 
conductivities of VAD-21, VAD-11 and VAD-12 membranes were 5 × 10-5, 2 × 10-3, and 
2.5 × 10-2 S cm-1 respectively. The data shows that conductivity was higher at increased 
AMPS concentrations, and is understandable due to the increased available charge carrier 
density. This is similar to observations in other sulfonated polymers 29, 163. The data from 
Figure 4.8 also suggests that conductivity shows small variations with changes in the 
solvent fractions for a fixed comonomer ratio. Other research groups have shown that an 
increase in the water uptake results in increased conductivity in membranes at the same 
IEC, possibly due to large increases in the solvation of ionic groups 163, 186. This does not 
appear to occur for these membranes suggesting equivalent degrees of dissociation of 
ionic groups at each solvent fraction.  
Figure 4.9 is a plot of conductivity for membranes at VE:AMPS comonomer ratios of 
2:1, 1:1 and 1:2 compared to Nafion® 117 versus λ|non-fr. The data indicate that larger 
values of λ|fr, corresponds to lower conductivities. Rather, as suggested previously, the 
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Figure 4.8 Through-plane conductivities of membranes at VE:AMPS molar ratios of 
(▲) 2:1, ( ) 1:1 and ( ) 1:2 at varying initial solvent weight fractions.  
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Figure 4.9 Through-plane conductivities of membranes at VE:AMPS molar ratios of 
(▲) 2:1, ( ) 1:1 and ( ) 1:2 versus λ|non-fr compared to ( ) Nafion® 117.  
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lowered non-freezable water fraction might be an indication that sulfonic acid groups are 
in closer proximity to each other. This would, in turn, suggest proximity of acid groups 
results in enhanced proton conductivity.  
Linking the concentration of sulfonic acid groups in a hydrated membrane volume to 
the conductivity can be used to determine proton mobility within membranes. Physical 
parameters that affect proton mobility are the degree of acid dissociation, tortuosity, and 
spatial separation between ionic groups. In fully hydrated networks, an effective proton 
mobility, µeff, may be computed to quantify the influence of polymer chemical nature and 
morphology as compared to μeff in the absence of structural effects, similar to the work by 
Holdcroft and coworkers 12, 187. Figure 4.10 shows a plot of µeff versus total volume 
fraction of water, φ, for membranes of Nafion®117 and VE:AMPS at different 
comonomer ratios measured through the membranes. This data was compared to values 
obtained by Peckham et al. 12 for various sulfonated membranes and Nafion®117 
measured in the plane of the membrane. The results show that µeff for VAD membranes 
increases consistently with the volume fraction of water. The indication is that an 
increase in µeff could be a consequence of the reduced tortuousity at higher water contents 
and may be directly related to the pore structure of the network (shown in Figure 4.2). 
Increases in membrane pore volume may also compensate for a lowering of the acid 
concentration by resulting in similar values of µeff. This was shown in Figure 4.10 for a 
VAD-12-50 membrane, where µeff and φ were similar to a VAD-11-67 membrane, 
although the concentration of sulfonic acid groups was lower at a VE:AMPS comonomer 
ratio of 1:1. These results indicate that altering polymer structure, such as porosity, can  
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Figure 4.10 Effective proton mobility (through plane) versus volume fraction of water in 
membranes at VE:AMPS molar ratios of (▲) 2:1, ( ) 1:1, ( ) 1:2 and ( ) Nafion®117. 
This data is compared to in-plane conductivity for ( ) different sulfonated membranes 
and ( ) Nafion®117 28. (1) indicates VAD-11-67 membranes and (2) indicates VAD-12-
50 membranes.  
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directly influence proton mobility in polymer membranes. These results correlate well 
with recent work by Tsang et al. 187 where proton mobility was shown to be altered by 
confinement within lamellar regions of a sulfonated block copolymer.  
The data from Figure 4.10 also show that µeff for Nafion®117 and VAD membranes 
were lower at comparable volume fractions when compared to sulfonated membranes of 
Peckham et al. 12. This variation was probably due to the differences in measurement 
techniques (through-plane conductivity versus in-plane conductivity ) 188. Extrapolation 
of the data to infinite dilution results in a µeff∞ of approximately 0.1 * 10-3 cm2 s-1 V-1, 
which was significantly lower than the value for μ in an unhindered environment (3.6 * 
10-3 cm2 s-1 V-1) 12. This was probably due to mobility through the membrane bulk 
volume being hindered by the large non-conductive and cross-linked VE phase existing 
between conductive AMPS units. Data analysis in this fashion provides a global method 
to capture membrane conductivity of widely differing membrane types in terms of spatial 
location of sulfonic acid groups in a polymer structure.  
 
4.4.5 Fuel-cell Performance  
In addition to proton conductivity, the mechanical and chemical stability of membranes 
in fuel cell tests are important parameters that affect performance. Membranes prepared 
for fuel cell testing were typically 225µm in thickness prior to exchange of DMF with 
water. Changes in membrane thickness upon equilibrium water uptake varied with AMPS 
concentration. This indicates that dimensional changes can take place during 
humidification and drying operations within a fuel cell stack and may affect performance. 
Figure 4.11 shows fuel cell polarization curves (voltage versus current density) for 
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VAD-21-50, VAD-21-75 and VAD-11-50 membranes compared to Nafion®117 
measured at 25ºC. The performance of Nafion®117 measured was significantly lower 
than most published polarization curves. This may be attributed to the lower catalytic 
activity at ambient temperatures, use of industrial grade hydrogen (with 10 ppm CO, 
which could lead to catalyst poisoning) and air (instead of pure oxygen) as well as the 
poor adhesion of the CL to the PEM. Since the CL was painted onto the GDL and placed 
on the MEAs, there was a possibility of interfacial resistance leading to poor proton 
transport between the PEM and CL. Further evidence of this was provided by 
delamination during fuel cell disassembly. The performance of all VAD membranes was 
lower than Nafion®117 tested under the same conditions and was attributed to membrane 
conductivities being lower than Nafion®117 as well as the poor adhesion between the CL 
and PEM, especially since the polyelectrolyte of the CL is different from membrane 
composition. Interestingly, Figure 4.11 indicates that the VAD-11-50 membrane 
operated under a larger current density than Nafion®117 although with a lower open 
circuit voltage, attributable to a higher interfacial resistance. Membrane dehydration may 
lead to permanent microcracks followed by fuel leakage and shorting. For membranes at 
higher AMPS concentrations or solvent fractions (and correspondingly higher water 
uptakes), it was not possible to obtain fuel cell performance data due to repeated 
mechanical failure of the membranes during testing resulting in fuel leakage. This 
indicated that although it might be possible to get membranes with high conductivities, 
optimizing mechanical properties in the hydrated state is a significant issue to be 
considered in the design of cross-linked PEMs.  
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Figure 4.11 Fuel cell polarization curves for membranes with different AMPS 
concentrations and initial solvent fractions compared to Nafion®117.  
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4.4.6 Summary and Conclusions 
Chapters 3 and 4 have shown that combinations of hydrophobic (VE) and hydrophilic 
(AMPS) monomers can be copolymerized in the presence of a common diluent (DMF) 
for the synthesis of proton-conductive thermoset membranes. The use of supercritical 
CO2 for solvent removal resulted in the introduction of porosity as a tunable property 
with pore sizes typically below 60 nm. This porosity was found to alter the water uptake 
behavior of the membranes by causing an agglomeration of freezable water within the 
pore volume while not affecting the non-freezable water fraction. Investigation of the 
association of water with sulfonic acid groups showed that λfr was strongly affected by 
the membrane pore volume, while the increased concentration of sulfonic acid groups 
lowered λnon-fr in a manner similar to that of AMPS monomer units. An increasing value 
of IEC corresponded to increased conductivity, although changes with the solvent 
fraction were not apparent. Rather, by taking into account the volume fraction of water, 
an investigation of effective proton mobility in these membranes showed that an 
increased volume fraction promoted proton mobility probably due to a combined effect of 
decreased tortuousity and increased sulfonic acid group concentration. Comparison of 
this work to other sulfonated polymers showed promise in using proton mobility as a 
parameter to compare proton transport in membranes with different structures. 
Preliminary analysis in a fuel cell system showed that performance was strongly related 
to the mechanical stability of the membrane. The current work implies that it would be 
feasible for future studies to optimize mechanical performance and conductivity of these 
membranes to improve fuel cell performance.  
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CHAPTER 5: FUNCTIONALIZATION OF EPOXY THERMOSETS 
USING IONIC LIQUIDS – NOVEL LATENT CURING AGENTS 
 
5.1 Introduction 
 
Chapters 2, 3, and 4 developed synthetic schemes for the incorporation of sulfonic acid 
groups within highly cross-linked polymer networks. The general theme developed has 
been that changes in material properties, such as hydrophilicity and proton conductivity, 
can be controlled by the incorporation of ionic groups. In this chapter, we investigate 
methods to embed ionic groups within a thermoset using liquid phase ionic groups; viz. 
room temperature ionic liquids (RTILs).  
Two specific areas have been investigated in relation to RTILs being used in epoxy 
thermosets. The first is the incorporation of ionic groups within the thermoset using 
specific RTILs which was discovered to initiate polymerization as well as alter network 
structure. Since this incorporation of an RTIL was discovered to be of a thermally latent 
class of initiators, Section 5.2 briefly gives some background for the development of 
initiators for epoxy resins. Section 5.4.1 discusses the potential use of specific RTILs as 
thermally latent initiating systems while Section 5.4.2 analyzes the network structures 
being formed on the basis of evidence from thermomechanical and calorimetric 
measurements. Sections 5.4.3 and 5.4.4 are an analysis of the hydrophilic and thermal 
degradation properties for such network structures compared to systems without the 
incorporation of ionic groups.  
The second area briefly touches upon the dispersion of unreacted RTILs within epoxy-
amine polymer networks and the tunability of properties associated with such ionic 
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liquid-dispersed thermosets. Section 5.4.5 discusses the properties of epoxy-amine 
thermosets cured in the presence of such unreacted RTILs and their resulting 
thermomechanical properties. Potential areas for future work are discussed within these 
sections.  
 
5.2 Background: Development of Thermally Latent Curing Agents.  
Latent curing agents are developed and designed on the basis of their being inactive 
under ambient conditions while undergoing a rapid, controlled reaction upon exposure to 
external stimuli, such as elevated temperatures or high energy irradiation. This desired 
inertness increases storage and handling capabilities and has been developed using a 
variety of hardeners in either multi-component or one-pot formulations 85. In particular, 
the initiation and polymerization of epoxide group containing oligomers is of commercial 
interest due to the versatility of the oxirane ring and finds applications in adhesives, 
insulation materials and paints. Some examples of thermally initiated curing agents are 
based on nitrogen (amines, imidazole), anhydrides, phenolic derivatives 85, or metal 
complexes 189. One-pot epoxy formulations typically use dicyandiamide (or dicy), and 
exhibit complex initiation and propagation reaction schemes 190. Dicy is thermally latent 
since it is a solid at room temperature but melts and dissolves into the epoxy resin at 
elevated temperatures to initiate polymerization. This necessary phase transformation 
results in practical drawbacks during manufacture and processing for which the use of a 
liquid initiator might be useful.  
Ionic liquids (IL) are finding numerous applications due to their having melting points 
below room temperature, low viscosities, highly tunable physicochemical properties 191, 
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and show promise for use in separation membranes 50, as solvents 192 and as lubricants 
193. 1-ethyl-3-methyl imidazolium tetrafluoroborate has been shown to harden epoxies 
although the degree to which reaction occurs, the mechanism of reaction and resulting 
mechanical properties remain unclear 64. The following chapter systematically 
demonstrates that out of a number of tested ionic liquids, 1-ethyl-3-methyl imidazolium 
dicyanamide, [emim]N(CN)2 can be used to initiate polymerizations of epoxy resins in 
formulations which exhibit excellent miscibility and long-term room temperature latency 
to obtain highly cross-linked thermosets with good thermomechanical properties. 
 
5.3 Experimental Section 
5.3.1 Materials and Cure Schedule 
The epoxy resin used is a diglycidyl ether of bisphenol A (EPON®828, n=0.13, Miller 
Stephenson), the tetra-functional amine used is 4,4’-methylenebiscyclohexanamine, 
(PACM, Air Products and Chemicals). RTILs used were obtained from Solvent 
Innovation GmBh. The chemical structures of the ionic liquids used and known 
physical/chemical properties are given in Appendix B. All chemicals were used as 
received.  
Samples were prepared by dispersing a known weight fraction of RTIL either in 
EPON®828 or in EPON®828-PACM samples cured at a stoichiometric ratio of 100 parts 
EPON®828 to 28 parts PACM by weight 194. After sufficient mixing, samples sat for 15 
minutes. They were then heated at 80°C for two hours followed by heating at 165°C for 
two hours.  
 
 
118
5.3.2 Near Infrared Spectroscopy  
Spectra were collected on a NIR spectrometer from Control Development Incorporated 
(South Bend, IN, USA) between a spectral range of 4400 and 8000 cm-1 and a resolution 
of 4 nm. Spectral collection times were optimized to be either one per 600 s or one per 60 
s. Specimens were mounted in sealed glass ampules housed in an aluminum block with 
controlled heating elements using a method similar to section 3.3 and described in 
previous work 195 . Epoxy group concentrations were monitored at a wavelength of 4528 
cm-1.  
 
5.3.3 Dynamic Mechanical Analysis and Differential Scanning Calorimetry 
The viscoelastic behavior of the synthesized polymers was determined on a TA 
Instruments 2980 DMA in the single-cantilever mode on rectangular samples sanded to 
premeasured sizes with a precision of ± 0.001 mm. The glass transition temperature (Tg) 
was determined as the tan δ maximum of the second temperature ramp taken at an 
amplitude of 1 Hz and a deflection of 15 μm. Temperature scans on both runs were kept 
between 35 and 250°C at a scan rate of 10°C/min.  
Scanning differential scanning calorimetry (DSC) analysis of the cure of epoxide 
groups using [emim]N(CN)2 and [bmPy]N(CN)2 as initiators gives information into 
differences between the cure mechanism and glass transition temperatures (Tg) of the 
thermosets. First scans on these samples were done at a ramp rate of 2°C/min from 0°C to 
250ºC to determine the heat of reaction (ΔHR, determined from an integral of the reaction 
exotherms). Subsequent scans (10°C/min, 0°C to 200°C) were used to determine Tg, 
while also confirming the absence of residual reaction.  
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5.3.4 Thermogravimetric Analysis 
Decomposition profiles for these samples were determined using a TA Instruments 
Q50 TGA on cured specimens that were typically between 5 and 10 mg in weight. The 
temperature scans were performed in a N2 atmosphere between 30°C and 700°C at a 
ramp rate of 10°C/min.  
 
5.3.5 Water Uptake Measurements 
Fully cured specimens were assessed for their room temperature water uptake by 
immersing samples with a typical thickness of 1 mm in water and computing the water 
uptake fraction as (Wtx-Wt0)/Wt0, where W is the sample weight in grams at time, t = x 
min.  
 
5.4 Results and Discussion 
5.4.1 Thermal Latency and Epoxy Group Consumption 
Mixtures of known weight percents of [emim]N(CN)2 in epoxy resins were prepared at 
room temperature to obtain homogenous, monophasic mixtures. The latency of the 
mixture at low concentrations of ionic liquid was determined by monitoring the 
consumption of the epoxy groups using near infrared spectroscopy (4528 cm-1, terminal 
epoxy ring), following a method discussed in previous work 196. Figure 5.1 is a plot of 
fractional conversion of epoxide groups versus time measured under isothermal 
conditions. At a concentration of approximately 3.3 wt. % ionic liquid, there was no 
apparent conversion of the epoxide group taking place over a period of one hour at 80°C. 
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A step increase of the cure temperature to 165°C caused the reaction to proceed towards 
completion within 20 minutes and indicated thermal latency of the formulation.  
Figure 5.1 (inset) shows (a) pure EPON®828 and (b) EPON®828 with 3.5% 
[emim]N(CN)2 after approximately 60 days under ambient conditions, showing an 
absence of phenomenological evidence to indicate reaction. After complete cure, the 
result (c) is a highly cross-linked and mechanically strong thermoset, which adheres to 
the bottom of the vial. The results qualitatively indicate that under these conditions, the 
one-pot formulation consisting of [emim]N(CN)2 and EPON®828 exhibited long term 
storage stability.  
 
5.4.2 Analysis of Heat of Reaction and Network Structures 
Figure 5.2 is a plot of heat flow versus temperature during the first scan of 
[emim]N(CN)2-EPON®828 mixtures at [emim]N(CN)2 concentrations between ~3 and 15 
wt. %. The data indicates the presence of a dual reaction exotherm that varies with the 
concentration of IL used. An increase of the [emim]N(CN)2 concentration results in a 
gradual increase of the first reaction exotherm at the expense of the second exotherm; and 
at 15 wt. %, the second exotherm becomes predominant. For an increase in the 
[emim]N(CN)2 concentration between three and 15 wt.%, the peak temperature reduces  
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Figure 5.1 Plot of fractional conversion of epoxide groups versus time showing the 
EPON®828-[emim]N(CN)2 (3.3 wt. %) formulation at 80°C for approximately one hour 
followed by complete cure at 165°C within 20 minutes. Inset shows EPON®828 (a) 
without initiator and (b) with 3.5% [emim]N(CN)2 after 60 days at room temperature 
showing no apparent changes and (c) after cure at 165°C for two hours showing cross-
linked and darkened sample.  
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Figure 5.2 DSC traces of heat flow versus temperature for EPON®828 with (a) 1, (b) 9, 
and (c) 15 wt. % [emim]N(CN)2 heated at 2°C/min (Curves are plotted as exotherm 
down).  
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from 160°C to 131°C and the onset temperature decreases from 130°C to 110°C. We 
preliminarily suggest that cure might proceed via reactions between the epoxy group and 
cyanamide, either in its original state 197 or one of its tautomeric forms 198. Although 
imidazole and substituted imidazoles are known to polymerize epoxies 199, the absence of 
reactions in other imidazolium based ionic liquids (Appendix B) and the absence of a 
reactive site on the imidazolium group suggests that this is not the case. However, certain 
cation/anion combinations could alter reaction behavior such as observations for an 
imidazole/dicyandiamide pair 199. Such a reaction scheme might suggest a cross-linked 
network with imidazolium cations linked to the polymer network through ionic 
interactions with dicyanamide counterions, which are part of the polymer network. 
Figure 5.3 is a plot of integral heat flow and Tg as a function of [emim]N(CN)2 content 
between 3 and 20 wt. %. The overall heat of reaction (per mole of epoxy groups) remains 
nearly constant at 104 ± 1.7 kJ/mol. A value of 100 kJ/mol appears to agree well with 
work of other researchers for chain polymerization of DGEBA using imidazole 200. The 
plot also indicates a significant depression in the Tg of the cured thermoset, from 158°C 
at 3 wt. % [emim]N(CN)2 to 58°C at 20 wt. % [emim]N(CN)2. This can be attributed to 
plasticization of the network structure by the [emim]N(CN)2 and changes in the effective 
cross-linking density (and molecular weight between cross-links, Mc).  
Analysis of the loss modulus peaks provides qualitative information on the polydispersity 
of chain lengths within a thermoset. Figure 5.4 is a plot of the loss modulus versus 
temperature for EPON®828 cured at different [emim]N(CN)2 concentrations. The 
shoulder in the loss modulus peak prior to the main peak suggests the presence of a dual 
network structure being formed with different chain lengths. It is possible that the 
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presence of a dual reaction exotherm indicated previously might be controlling the 
occurrence of dual networks as well, although this is not absolutely clear at this point. 
Differences in tan δ peak width, peak maximum, temperature and rubbery modulus are 
dependent on the cross-link density of the network structure 201. Figure 5.5 is a plot of Tg 
(at tan δ max) and rubbery modulus (storage modulus at Tg + 30°C) for the samples cured 
at different [emim]N(CN)2 concentrations. The data show that the Tg and rubbery 
modulus decreased with increasing [emim]N(CN)2 concentration. This suggests a 
corresponding increase of Mc with the ionic liquid content which agrees well with our 
previous hypothesis to indicate substantial changes in the cross-link density with changes 
in the ionic liquid concentration.  
Interestingly, the use of [bmPy]N(CN)2 as a curing agent does not result in similar 
reaction profiles or reaction enthalpies, and cured samples have little mechanical 
stability. The end product is instead a brittle, powdery material. Figure 5.6 is a plot of 
integral heat flow during the first scan and Tg from the second scan of [bmPy]N(CN)2-
EPON®828 mixtures at [bmPy]N(CN)2 concentrations between ~3 and 20 wt. %. This 
suggests that although there is consumption of reactive epoxide groups, the variations in 
Tg and reaction enthalpies with the ionic liquid concentration used is not similar to 
observations in [emim]N(CN)2 cured epoxies. This suggests that although the presence of 
the cyanamide group helps the initiation of reaction of epoxy group in both these ionic 
liquids, an altered cation structural unit significantly changes the reaction behavior and 
final mechanical properties under these cure conditions. It will be interesting to observe 
the effects of different cyanamide containing groups, with controlled chain ends to relate 
the effects of cation structure to epoxy group reactivity. 
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Figure 5.3 Plot showing (○) Tg and (□) integral heat flow determined from DSC at 
different [emim]N(CN)2 initiator concentrations. 
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Figure 5.4 (a) Plot of loss modulus versus temperature for EPON®828 thermosets 
initiated by (□) 2.4, (●) 3.4, (+) 4.9, (○) 6.0 and (■) 7.7 wt. % [emim]N(CN)2. 
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Figure 5.5 Plot showing (○) Tg (at tan δ max) and (□) storage modulus at 50°C at 
different [emim]N(CN)2 initiator concentrations.  
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Figure 5.6 Plot showing (□) Tg and (○) integral heat flow determined from DSC at 
different [bmPy]N(CN)2 initiator concentrations.  
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5.4.3 Network Hydrophilicity and Leaching Studies 
Tethering hydrophilic ionic groups onto an epoxy-network is expected to significantly 
alter the water uptake characteristics of a predominantly hydrophobic matrix. Figure 5.7 
shows temporal water uptake profiles at room temperature of thermosets cured at 
different weight percents of [emim]N(CN)2 and compared to an epoxy-amine thermoset 
cured at stoichiometry. From the plot, it is seen that the water uptakes for epoxy cured 
[emim]N(CN)2 are higher than amine cured epoxies, indicating increased hydrophilicity. 
At the highest concentration of [emim]N(CN)2 (9.9 wt. %), the network water uptake was 
2 wt. % in 30 days as compared to an amine cured epoxy which takes up about 0.8 wt. % 
water over the same period of time. Although these results do not correspond to an 
equilibrium swollen state, the data suggests that that the hydrophilic nature of the cured 
thermoset is proportional to the [emim]N(CN)2 used to initiate cure.  
Since [emim]N(CN)2 is completely miscible with water 202, it is likely that the 
concentration of water solvated into the network structure is dependant on the polarity of 
pendant groups on the polymer chain 203, 204, which in this case follows the concentration 
of the hydrophilic [emim]N(CN)2. It has also been reported that the differences in free 
volume in epoxy thermosets alters the ultimate water uptake 205 by agglomeration within 
nanovoids of a network structure. It is also possible to think of this as an explanation in 
light of the evidence presented previously relating changes in the cross-link density and 
Tg with the variations in [emim]N(CN)2 concentration.  
The differences in hydrophilicity within the polymer might also be a result of the 
contribution to the dissolution of water by unreacted ionic liquid,  [emim]N(CN)2,   rather  
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Figure 5.7 Plot indicating differences in equilibrium water uptake for samples cured with 
(O) 2.4, (□) 3.4, (◊) 4.9, (×) 6.0 and ( ) 7.7 wt. % [emim]N(CN)2 compared to (▲) 
epoxy-amine thermoset cured at stoichiometry. 
 
131
than the polymer network. The hypothesis was tested by drying out water swollen 
samples at 100°C for 24 hours. The resulting loss in dry weight (less than 1 wt. %) was 
significantly lower than the amount of [emim]N(CN)2 used for initiation suggesting that a 
significant portion of the initiator is covalently bound onto the network and not free to 
leach out. This hypothesis of a covalently bound ionic liquid was also confirmed via 
thermogravimetric analyses of cured thermosets as explained below.  
 
5.4.4 Thermal Decomposition of [emim]N(CN)2 Cured Epoxies 
Table 5.1 compares data obtained from decomposition profiles (Figure 5.8) of 
[emim]N(CN)2 cured EPON®828 to an amine cured epoxy (at stoichiometric ratio) 206 
and cationically cured epoxy 196. All samples showed similar degradation profiles. The 
decomposition temperature at 20 percent weight loss was 413°C ± 1°C for all 
[emim]N(CN)2 cured samples. The data show that the addition of [emim]N(CN)2 to cure 
EPON®828 does not result in inferior thermal stabilities when compared to a cationically 
cured or amine cured epoxy. This decomposition data also indicates that the addition of   
9 wt. % [emim]N(CN)2 to EPON®828 does not result in a corresponding weight loss of 
[emim]N(CN)2 at its decomposition temperature of 294ºC. This suggests that the ionic 
liquid is bound onto the network structure where its pure state decomposition temperature 
is not reflected in these thermograms, further indicating that the network hydrophilicity 
discussed in the previous section is due to association with ionic groups in its network-
tethered state.  
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Figure 5.8 Thermal decomposition profiles of specimens cured at ( )1 wt. %, ( ) 3wt. 
%, ( ) 9 wt. % [emim]N(CN)2 compared to ( ) cationically cured EPON®825, ( ) 
amine cured EPON®828, ( ) EPON®828 and ( ) [emim]N(CN)2 (TGA, 10°C/min, 30°C 
to 700°C, N2 atmosphere).  
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Table 5.1 also compares char yields at 600°C for each of these specimens. The data 
indicates that samples at a higher [emim]N(CN)2 concentration correspond to a higher 
char mass, similar to an amine-cured epoxy, while cationically cured EPON®825 has no 
measurable char at 600°C. This is understandable from the fact that pure [emim]N(CN)2 
has a char yield of 20 percent at 600°C which might add to the thermal stability of the 
network structure. In addition, the absence of an appreciable weight loss at the 
decomposition temperature of [emim]N(CN)2 suggests that the ionic liquid has reacted 
into the network structure.  
 
Table 5.1. Char yield at 600°C and decomposition temperature, Td, at 80% weight 
loss at different [emim]N(CN)2 initiator concentrations compared to cationically 
cured EPON®825 196 and amine cured EPON®828 206 
 
Sample  Char Yield (%) Td (°C) 
EPON®828 (1 wt. %) 2.5 413 
EPON®828 (3 wt. %) 3.3 413 
EPON®828 (9 wt.  %) 6.1 412 
EPON®825 (cat.) 0 414 
EPON®828 (amine) 8 367 
[emim]N(CN)2 20.6 294 
 
5.4.5 Step-growth Polymerizations in Non-Reactive Ionic Liquids. 
Ionic liquids that dissolve in, but do not react with, epoxide groups may be used to 
disperse ionic groups within the network structure to modify properties. An example of  
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Figure 5.9 Plot showing Tg (filled markers) and storage modulus at 50°C (open markers) 
for epoxy-amine thermosets synthesized in the presence of (circles) [emim]ethylsulfate 
and (squares) [emim]tosylate. 
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this is EPON®828-PACM cured in the presence of non-reactive but soluble ionic liquids. 
Two examples of such ionic liquids are [emim]ethylsulfate and [emim]tosylate.  
Figure 5.9 is a plot of the Tg and storage modulus of fully cured epoxy-amine 
thermosets in the presence of [emim]ethylsulfate and [emim]tosylate compared to epoxy-
amine thermosets cured without any ionic liquid. For thermosets cured with either of 
these ionic liquids, there is a distinct increase in the storage modulus at room temperature 
(glassy modulus) suggesting possible internal antiplasticization effects. The loss modulus 
peaks indicate a significant depression in the Tg for both [emim]ethylsulfate and 
[emim]tosylate. Similar behavior has been observed for PMMA in the presence of ionic 
liquids and is considered to be due to increased chain mobility in the vicinity of low 
molecular weight solvents which lower the overall Tg 207.  
 
5.5 Summary 
In line with the overall theme of incorporating ionic groups within a non-ionic 
thermoset, this chapter has dealt with the concept of incorporating ionic liquids within 
epoxy thermosets to evaluate corresponding changes in material properties. This work 
has shown that ionic liquids can surprisingly be used as both initiators for epoxy chain 
polymerizations or as additives for amine cured epoxies.  
It was determined, using [emim]N(CN)2 as a miscible and thermally latent initiator, that 
the glass transition temperatures, modulus and hydrophilicity were tunable. Variations in 
the reactivity of the system with the concentration of ionic liquid were also observed and 
possible reaction mechanisms were suggested of a network structure that consists of a 
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cross-linked polymer attached ionic liquid with bulky counterions within the network is 
contemplated. 
Non-reactive but soluble ionic liquids were also used as non-volatile network 
plasticizers to vary the Tg of the epoxy-amine thermoset. The results suggest that specific 
properties attributable to the RTIL can be incorporated within the polymer network 
through the dispersion of ionic liquids. The development of such RTIL-thermoset 
composites is being investigated in greater detail in different thermoset/ionic liquid 
systems as well 208.  
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CHAPTER 6: TUBULAR NANOSTRUCTURE FABRICATION FROM 
ELECTROSPUN AND GRAFTED POLYSULFONE FIBERS  
 
6.1  Introduction 
 
The previous chapters dealt with the aspect of combining ionic groups with non-ionic 
polymers where ionic species were distributed throughout the volume of a thermosetting 
network by grafting ionic groups at the molecular length scale. Chapters 6 and 7 deals 
with aspects related to the incorporation of ionic groups at the mesoscopic length scale in 
fiber-thermoplastic matrix composite structures as outlined in section 1.4. The fibers 
evaluated may either contain grafted ionic groups on the surface or may consist of ionic 
groups blended through the fiber. The objectives of this chapter are to then determine the 
possibility of functionalizing fiber surfaces followed by an evaluation of methods to graft 
onto such functionalized surfaces. An understanding of these possibilities can then be 
extended to evaluate other desired chemistries, which is explored in chapter 7.  
Chapter 6 deals with the functionalization of electrospun polysulfone fibers using a 
dielectric barrier discharge plasma setup procedure that has been developed from 
previous work by Robinette 80 and the subsequent fabrication of tubular nanostructures as 
a method to evaluate coating uniformity. Section 6.2 gives a brief introduction to polymer 
nanostructure fabrication and the use of electrospinning to do the same. Section 6.3.3 
discusses the methodology for the surface functionalization of the polymer, the 
incorporation of different functional groups and nanostructure fabrication. Sections 6.4.1 
and 6.4.2 discuss the fabrication of these polymer nanostructures from electrospun 
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templates and the effects of different treatment conditions. In summary, this chapter will 
discuss how uniform polysiloxane coatings can be obtained on electrospun fibers while 
Chapter 7 will discuss the use of plasma treatment to affix ionic groups on the polymer 
surface.  
 
6.2  Background  
6.2.1 Polymer Nanostructure Fabrication and Electrospinning 
The facile synthesis of polymer nanostructures is an area of great interest in 
applications such as tissue engineering, controlled release technology, electronics, and 
sensors. The synthesis of tubular nanostructures composed of metals, ceramics, or 
polymers has been achieved to a great degree via template based methods 209-213. For 
example, polymerization or deposition within nanoporous matrices followed by matrix-
degradation results in nanotubes or nanorods with diameters equivalent to the pore 
diameter and length equal to the thickness of the matrix. Limitations to such techniques 
are the attainable volume fraction and limited control over the dimensions of these 
nanostructures. Other methods utilizing self-assembly of lipid surfactants 214, 215, peptides, 
216 and triblock macromonomers 217 have been reported 218.  
Electrospinning is a useful method for the synthesis of a relatively large volume of 
nanofibers 219, where the fibers generated can be used as templates for the synthesis of 
nanotubes. Researchers have described electrospinning approaches for the synthesis of 
ceramic nanotubes 220, metal nanotubes 210, 221, metal-polymer composite tubes 222, and 
polymer nanotubes 222. Commonly, electrospun fiber mats are coated with at least one 
layer of a sheath material around the fiber core. After such a surface treatment, the inner 
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core is selectively removed to leave behind a hollow tube composed of the sheathing 
material. Chemical vapor deposition 222, 223 has been used to coat the electrospun mats 
while thermal degradation of a polymer fiber 222, 223 or removal of a viscous, oil-heavy 
core 220, 224, have been used as routes for core dissolution. The following section describes 
the electrospinning process in more detail followed by a discussion of the formation of 
nanostructures.  
 
6.2.2 Electrospinning 71, 225 
Electrospinning (or electrostatic spinning) is a technique used for the formation of 
ultrathin fibers of microscopic and nanoscopic dimensions. The technique has been well-
known for several years, but it is only more recently that a number of commercial 
applications have been realized for the process. Figure 6.1 shows a schematic diagram of 
an electrospinning setup consisting of a delivery mechanism (syringe pump), collection 
mechanism (grounded flat plate or cylinder) and an applied potential between the two. 
The application of a voltage to the continuously injected polymer solution or melt 
combined with an optimum combination of parameters results in the formation of a 
polymer fiber on the collection setup. The mechanism of fiber formation itself is based on 
the uniaxial stretching of a viscoelastic jet derived from this polymer solution or melt. 
With the application of an electric field, there is a continuous balance between 
electrostatic repulsions and surface tension at the tip of the syringe holding the polymer 
solution. With an increasing electric field, the hemispherical tip elongates to form a 
Taylor cone from which the viscous polymer solution jet is continuously stretched and 
elongated resulting in a polymer fiber. This takes place with the continuous evaporation 
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of solvent (if present) as the solution reaches the collection system. Experimental studies 
have also shown the bending instability of the jet in a rapid, whipping motion of a single 
thinning thread and not a splaying into multiple threads as was initially assumed 18. 
Furthermore, it is also of interest to note that nanofiber orientation 226 is also possible in 
principle by forcing the fibers to deposit in an electrically insulative gap between two 
collectors. An example of such alignment is shown in Figure 6.2 where polysulfone 
fibers are compared both before and after alignment. 
 
The formation of the fiber mat may show a variation in morphology and dimensions 
based on a combination of parameters 71 including;  
(a) solution parameters such as viscosity, elasticity, conductivity, and surface tension 
which is a combination of polymer and solvent physical properties; 
(b) Operating parameters such as electric field strength, distance between syringe tip 
and collector, polymer feed rate, and; 
(c) Environmental parameters such as solution temperature, humidity and ambient 
temperature and pressure. 
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Figure 6.1 Schematic diagram of a basic electrospinning setup.  
High voltage supply
Grounded collection 
plate 
Syringe pump 
whipping polymer jet
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Figure 6.2 SEM micrographs of electrospun PSF showing (top) aligned fibers and 
(bottom) randomly positioned fiber mats. 
 
10 μm 
10 μm 
 
143
 
6.3  Experimental Section 
6.3.1 Materials 
Polysulfone (PSF, UDEL® P-1800) was used as obtained from Amoco Polymers, Inc. 
N,N dimethyl formamide (DMF, 99.8% ACS grade), tetrahydrofuran (THF, 99%, ACS 
grade), vinyltrimethoxysilane (VTMS, 98%), methyltrimethoxysilane (MTMS, 98%), and 
acetic acid (AA, 99.7%, ACS) were used as obtained from Aldrich. Deionized water was 
used in the preparation of all solutions.  
 
6.3.2 Electrospinning 
Solutions of PSF dissolved in DMF were electrospun at fixed distances between 12.5 
cm and 20 cm between the charged needle tip and the grounded plate (spinning distance). 
The solution flow rate was kept constant at 1 ml/min using a syringe pump and the 
electric field was maintained at 0.9 kV cm-1. All fiber mats were spun for three hours to 
ensure constant areal densities between samples and were collected on a release cloth to 
facilitate removal from the grounded collection plate. Spinning was conducted at ambient 
temperature and relative humidity was maintained below 15 percent. Visual data 
collection of the formation and stability of the Taylor cone was performed using a Pixera 
1.2MP digital camera attached to a macro lens system.  
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6.3.3 Synthesis of Hollow Nanofibers: Overall Methodology 
The synthesis of hollow nanofibers consists of a sequential three part procedure. Figure 
6.3 shows a schematic representation of the overall methodology followed. The PSF 
fibers were first spun with different diameters (a). The fibers were then subjected to 
oxygen plasma irradiation for surface functionalization followed by a silane grafting 
procedure designed to encase the fiber within a polysiloxane shell (b). The final step 
consisted of dissolution of the PSF fiber and extraction using supercritical carbon dioxide 
resulting in hollow nanofibers (c). Thus, the electrospun nanofiber was used as a 
sacrificial template for the synthesis of these tubes. The details of each of these steps are 
outlined in the following sections.  
 
6.3.4 Plasma Treatment 
The electrospun polymer mats were subjected to plasma exposure in an atmospheric 
pressure dielectric discharge barrier (DBD) plasma configuration in an oxygen 
environment. The spacer assembly separating the electrodes was kept at a 3 mm distance 
and the power output was fixed at 1 W/cm2. The oxygen flow rate through the irradiation 
zone was kept at a mass flow rate of 1 L/min and the total irradiation time was monitored. 
Plasma irradiation of polysulfone results in multiple bond scission and formation of 
hydroxyl and peroxide groups on PSF and has been discussed in previous work 227.
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Figure 6.3 Schematic representation of overall procedure followed for the synthesis of 
hollow nanotubes showing (1) electrospun fibers, (2) plasma treated and polysiloxane 
grafted fibers and (3) hollow nanotubes synthesized after solvent exchange and 
supercritical drying 228.  
 
 
 
 
 
Polysiloxane shell Polysulfone fibers Hollow core 
(1) (2) (3) 
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6.3.5 Silane Grafting 
Figure 6.4 shows the reaction scheme that is followed in achieving surface grafting and 
has been well studied 229, 230. Prior to carrying out grafting of the plasma-treated PSF 
fibers, aqueous solutions of either VTMS or MTMS were prepared at known 
concentrations. The solution pH was adjusted to 3.5 by the drop-wise addition of acetic 
acid and was allowed to equilibrate over a period of one hour, since hydrolysis of the 
trialkoxysilane to trialkoxysilanol takes place under acidic conditions. The plasma treated 
mats were immersed into the prepared solutions for 10 minutes and condensation 
between the hydroxyl groups on the silanol and the polymer surface took place, as well as 
cross-linking between the silanol hydroxyl groups. The mats were then left to dry at 
125°C for at least 12 hours to remove residual water as well as drive crosslinking 
condensation reactions to completion.  
 
6.3.6 Supercritical Drying 
To prepare for solvent extraction, the plasma treated and grafted mats were attached to 
wire-mesh substrates and immersed in an excess of THF for a minimum of 48 hours. 
During this process, the PSF fibers preferentially dissolve in the solvent while the cross-
linked, grafted polysiloxane chains do not. Following polymer dissolution, the remaining 
solvent loaded polymer mats were placed in a critical point dryer (SPI critical point dryer, 
West Chester, PA). Liquid CO2 was allowed to completely contact the THF-loaded 
polymer fibers (at between 5 and 10°C), followed by exchange of the THF-rich CO2 with 
fresh CO2 for an hour. After a 48-hour equilibration period, the chamber conditions were 
changed to allow the CO2 to reach its critical point (31.1°C and 71 bar) at which point the 
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CO2 was allowed to vent at a controlled rate from the chamber. The purpose of using a 
solvent under supercritical conditions as opposed to room-temperature drying has been 
described in previous communications as a method for avoiding collapse of fine structure 
by capillary forces and has been used as a successful route for the synthesis of 
nanoporous polymer materials 110. 
 
6.3.7 Scanning Electron Microscopy 
Morphological characterization was carried out using a FEI field-emission gun (FEG) 
environmental scanning electron microscope (ESEM), model XL30, at an accelerating 
voltage of 10kV, and spot size 3. All samples were sputter-coated with platinum prior to 
analysis. 
 
6.3.8 X-ray Photoelectron Spectroscopy (XPS) 
A Kratos Ultra X-ray photoelectron spectroscopy (XPS) system, equipped with a 
hemispherical analyzer, was used to characterize the near surface composition of the 
electrospun mats. A 140 W monochromatic Al Kα (1486.7eV) beam irradiated a 1 mm x 
0.5 mm analyzed area. All spectra were taken at a 2 x 10-9 torr vacuum environment or 
lower. Survey and elemental high resolution scans for C1s, O1s, Si2p, and S2p were taken at 
a pass energy of 80 eV and 20 eV, respectively. The photoemission spectra allow 
quantitative (surface concentrations) and qualitative (functional group identification) 
information to be obtained. A hybrid electrostatic and magnetic lens column with an 
integral coaxial charge neutralizer was employed to maintain uniform surface charge for 
 
148
the exact spot under examination. Kratos’ VISION software was utilized for all data 
analysis (linear background subtraction, curve fitting, peak integration, charge 
compensation).  
6.4  Results and Discussion 
6.4.1 Electrospinning and Surface Grafting Reactions 
From previous work conducted on electrospinning of polysulfone fibers 227 it is known 
that fiber diameter can be controlled by changing either the concentration of the polymer 
in the solution or by changing the distance between the needle tip and the grounded plate. 
Figure 6.5 is a plot showing the variation in the average fiber diameter with respect to 
these process variables. As spinning distance increases and solution concentration 
decreases, the average fiber diameter decreases. However, there is a successively more 
pronounced generation of discontinuity in the fiber spinning process, resulting in a 
typical beads-on-a-string morphology. Figure 6.6 shows ESEM micrographs of the 
change in average fiber diameter as a function of these parameters, which has been 
discussed before 227. In our tests, the solutions were spun out of either 23 or 25 wt. % PSF 
in DMF and at distances of either 8 or 12 cm. These conditions were found to produce 
fibers with average diameters between 350 and 1500 nm.  
Two parameters that were evaluated in the coating of these fiber mats are the type of 
organofunctional silane employed and the plasma exposure time. Organofunctional 
silanes have the general formula X3Si-RY, where the X is a hydrolyzable group and Y an 
organofunctional group. In our case, X represents methoxy groups and Y is either a vinyl 
(VTMS) or methyl (MTMS) group. The presence of a vinyl moiety in the VTMS in place 
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Figure 6.4 Reaction scheme followed for the grafting and cross-linking of VTMS or 
MTMS onto the surface of PSF fiber mats 228. 
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 of a methyl group on the MTMS is evaluated as there is the potential of having grafted 
fiber surfaces with active vinyl groups available for functionalization post-reactions. 
Figure 6.7 shows Si2p XPS spectra comparing the degree of grafting onto the fibers at a 
0.3 wt. % concentration of VTMS or MTMS and an irradiation time of 2 minutes. It is 
observed that the relative Si concentration observed for the MTMS and the VTMS 
treatments are similar. This suggests that the efficacy of grafting treatments is equivalent 
for the two silane monomers employed. Although not shown here, IR spectroscopy on the 
grafted mats also indicates the presence of the Si-C=C bond (970 cm-1) (see Appendix C) 
as a result of the grafted VTMS.  
 The second parameter is the influence of plasma exposure time. Figure 6.7 shows Si2p 
XPS spectra of fiber mats that were treated at times from 30 seconds up to eight minutes 
followed by grafting in a 0.3 wt. % VTMS solution. It is apparent that increased plasma 
treatment results in a higher degree of grafting (increase in Si2p peak) and can be used as 
a controlling parameter to increase the grafting yield of polysiloxane on the fiber. Higher 
grafting yields would result in tubes with thicker walls. But, such an increase in treatment 
time deteriorates the polymer backbone. It has been shown that significant amounts of 
chain scission takes place within the fibers that dramatically decreases the molecular 
weight of the polymer in proportion to the duration of plasma exposure (Figure 1.7) 231. 
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Figure 6.5 Plot showing the variation in average fiber diameter as a function of the 
solution concentration and the spinning distance 231. 
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Figure 6.6 SEM micrographs of PSF fibers for a spinning distance of 20.0 cm at 
concentrations of (left, top to bottom) 20, 25, and 30 wt. % and 12.5 cm at concentrations 
of (right, top to bottom) 20 , 25, and 30 wt. % 227. 
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Figure 6.7 (top) XPS Si2p spectra for electrospun mats irradiated for two minutes and 
subjected to solutions of 0.3 wt. % VTMS or MTMS, and (bottom) XPS Si2p spectra for 
various plasma times for 0.3 wt. % VTMS grafting 231. 
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6.4.2 Sacrificial Templating for Hollow Nanofiber Synthesis 
In order to evaluate the use of these electrospun and grafted fibers as templates for the 
synthesis of hollow nanofibers, supercritical solvent extraction was carried out on fiber 
mats that were spun from a 23 wt. % solution at 8 and 12 cm spinning distances as well 
as from a 25 wt.  % solution at 12 cm spinning distance. These mats were all subjected to 
an irradiation time of 30 s and immersed in a 0.3 wt. % MTMS solution. Figure 6.8 
shows SEM micrographs of these three mats after extraction of the PSF. The average 
outer diameter of the smallest hollow fibers at 23 wt. % and 12 cm working distance is 
383 ± 135 nm. Larger fibers with an average diameter of 621 ± 143 nm were observed at 
23 wt. % and 8 cm distance and the largest average diameter of 1438 ± 403 nm is 
observed for mats spun at a concentration of 25 wt. % PSF and a distance of 12 cm. The 
observed transparency of the fibers is attributed to the absence of a PSF core as well as 
the minimal thickness of the polysiloxane shell. The small beads sometimes observed on 
the surfaces of the hollow tubes are thought to be a result of incomplete removal of PSF 
during supercritical drying, since such an occurrence could lead to the re-deposition of 
PSF beads in the absence of solvents. 
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Figure 6.8 ESEM micrographs of crosslinked polysiloxane nanotubes synthesized from 
nanofibers at (top to bottom) 23 wt. % PSF and 12 cm, 23 wt. % PSF and 8 cm, and 25 
wt. % PSF and 12 cm. The silane treatment conditions were 0.3 wt. % MTMS and 30 s 
plasma radiation 228.  
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Figure 6.9 Plots showing the average diameter and distribution of the hollow nanotubes 
at (clockwise from top-left) 23 wt. % PSF and 12 cm (383 nm ± 135 nm dia), 23 wt. % 
PSF and 8 cm (621 nm ± 143 nm dia) and, 25 wt. % PSF and 12 cm (1438 nm ± 403 nm 
dia).; The silane treatment conditions were 0.3 wt. % MTMS after a 30 s plasma 
radiation.  
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Figure 6.10 ESEM micrographs of hollow nanotubes synthesized from 25 wt. % PSF at 
12cm (left) and 12.5 cm (right) with a 0.3 wt. % VTMS treatment at 30 sec (left) and 
eight min (right) irradiation times. 
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Figure 6.9 shows a quantitave distribution of hollow tube diameters for the systems 
described previously. It is noted that the variation in the fiber size as a fraction of the 
average tube outer diameter decreases as the average diameter increases. It is also 
observed that the distribution in the average diameter size of the hollow tubes is similar 
to that observed on the pure PSF fiber mat. The exact determination of wall thickness is 
not possible from these micrographs, however, by observing cases where the ends of the 
tubes are visible it can be concluded that the wall thickness of these tubes is significantly 
less than 20 nm. We propose that the thickness of such grafting layers may be increased 
by successive grafting of polysiloxane layers onto the treated electrospun polysulfone or 
by using the vinyl groups of VTMS to react with other monomer systems. 
 
6.4.3 Variation in Treatment Conditions 
Plasma treatment time is one parameter that influences properties of the grafted 
polysiloxane. As plasma treatment time increases, the amount of oxygen moieties, and 
thus grafting sites, increases. Figure 6.10 shows representative micrographs of VTMS-
based polysiloxane grafted onto fibers exposed to 30 seconds (left) and eight minutes 
(right) of atmospheric oxygen plasma. Other processing parameters were held constant, 
such as a 25 wt. % electrospinning solution, a 12 cm spinning distance, and 0.3 wt. % 
silane treatment concentration. At low plasma treatment times (30 s) it is clear that there 
is significant inter-fiber bridging as well as well defined fiber rupture. Bridging could be 
attributed to crosslinking reactions of the vinyl groups contained in the VTMS-grafted 
structure. Fiber rupture may be a result of very low graft density and overall sheath 
thickness. At eight minutes of plasma exposure, the tubes exhibit a very smooth, 
 
159
undamaged outer surface with a much cleaner structure, albeit, with observable interfiber 
bridging. Although the average diameter itself is roughly equivalent to the fibers with 
lower exposure time, the morphology suggests that the density of the polysiloxane grafts 
is much higher and homogeneous throughout. Therefore, adding more grafting sites 
through increased plasma exposure can improve the quality of the polysiloxane tubes. 
 
6.5 Summary 
Chapter 6 has described the utilization of electrospun fibers as a sacrificial template for 
the controlled-size synthesis of polysiloxane thin-walled nano and meso-tubes. The 
procedure is based on the following key steps. First, oxygen plasma treatment of the 
polymer substrate is conducted to impart high hydroxyl surface concentration. Second, 
the sacrificial substrate is modified using organosilanes under conditions designed to 
foster the formation of crosslinked polysiloxanes chemically anchored to the substrate 
surface. Third, the sacrificial template material is removed using supercritical extraction 
to maintain the fine structure. This synthetic procedure is applicable to a variety of 
substrate forms as well as being able to attach specific functional groups, such as the 
vinyl groups, using organosilane chemistry described here. 
This work has also shown that grafting appears to be uniform across the fiber surface 
and results in thin coatings along the surface of the polymer fiber. This suggests that 
grafting of other functional groups after plasma treatment may also result in uniform 
treatments. Therefore, chapter 7 investigates the grafting of reactive AMPS monomers 
onto PSF fibers and developing composites based on such grafted systems and 
composites thereof. 
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CHAPTER 7: MESO AND NANO FIBER-THERMOPLASTIC MATRIX 
COMPOSITES 
 
7.1 Introduction 
 
Chapter 6 discussed the grafting of functional groups onto polymer fibers by a plasma 
treatment procedure and subsequent fabrication of hollow nanostructures. The results 
indicated that uniform and thin polysiloxane coatings could be grafted on electrospun 
PSF fibers. The conclusions of chapter 6 discussed the first step in generating fibers with 
grafted surface groups prior to encapsulation within a thermoplastic matrix for the 
fabrication of fiber-thermoplastic matrix polymer-polymer composites.  
This chapter broadly describes two goals in the fabrications of these composites; one is 
the surface grafting of ionic groups, viz. AMPS, on hydrophobic PSF fibers. The second 
is the fabrication of electrospun hydrophilic fibers consisting of blends of polyacrylic 
acid and Nafion®. These systems represent two types of fibers that are subsequently 
embedded into thermoplastic matrices of either Nucrel® or Surlyn®. Such composites 
may potentially be used as barrier membranes and vapor permeabilities of these 
composites were evaluated. Based on combined evidence derived from microscopy, 
proton conductivity and permeability measurements, requirements for the fabrication of 
composites are discussed.  
Section 7.2 discusses experimental treatment conditions employed for electrospinning, 
plasma treatment conditions and methods evaluated to fabricate fiber-thermoplastic 
matrix composites. Section 7.3 discusses the encapsulation of hydrophilic and ionic fibers 
within a hydrophobic composite with an evaluation of different techniques used to carry 
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this out. This work is summarized with concepts that have been developed and future 
directions  which may be explored.  
 
7.2 Experimental Section 
7.2.1 Materials 
Polysulfone (PSF, UDEL® P-1800) was used as obtained from Amoco Polymers, Inc. 
Polyacrylic acid (PAA, Sigma Aldrich, Mw = 400,000 g/mol), Nafion® (Liquion, Ion 
Power industries, 5 wt. % in isopropanol/water), N,N dimethyl formamide (DMF, 99.8% 
ACS grade), tetrahydrofuran (THF, 99%, ACS grade) and isopropanol (IPA, 99%, Sigma 
Aldrich) were used as received. Nucrel® and Surlyn® of different grades were used as 
received from DuPont. DIW was used in the preparation of all solutions. The chemical 
structures for the polymers used are shown in Figure 7.1. 
 
7.2.2 Electrospinning 
Electrospinning of PSF fibers was carried out as discussed in section 6.3.2. All PSF 
fibers employed for grafting were fabricated at a spinning distance of 12.5 cm at a 
solution flow rate of 1 ml/hr over a period of three hours. The average fiber diameter was 
1 μm. Fibers consisting of blends of PAA and Nafion® were electrospun in a similar 
fashion after preparing solutions with fixed weight ratios of PAA and Nafion® in a 3:1 
IPA:water (w/w) mixture similar to work by Chen et al. 232. Table 7.1 lists typical  
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Figure 7.1 Chemical structures of polymers used  
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solutions and conditions for electrospinning with corresponding fiber diameters. The 
electrospinning procedure for fabricating PAA/Nafion® blend fibers is the same as that 
used for electrospinning PSF (section 6.3.2). All PAA/Nafion® blend fiber mats were 
annealed at 140°C in air prior to use.  
 
Table 7.1 PAA/Nafion® spinning conditions evaluated 
 
PAA:Nafion® Voltage Spinning distance Average fiber diameter 
(weight ratio) (kV) (cm) (nm) 
1:1 8 14 740 ± 160 
1:1 9 16 459 ± 93 
1:1 12 19 545 ± 109 
4:1 12 16 1135 ± 211 
 
7.2.3 Plasma Treatment and AMPS Grafting on Electrospun PSF Fiber Mats 
The electrospun polymer mats were subjected to plasma exposure in an atmospheric 
pressure dielectric discharge barrier (DBD) plasma configuration in an oxygen 
environment in a procedure similar to section 6.3.4. All fiber mats evaluated were plasma 
treated for 30 s since results from chapter 6 suggested that sufficiently thick coatings of 
grafted moieties could be realized for a 30 s treatment time.  
AMPS solutions for grafting reactions were prepared by dissolving the monomer in 
DIW at a concentration of 20 wt. % followed by purging in N2 for 10 minutes. PSF fiber 
mats were immersed in this solution and kept in sealed vials at 80°C for different reaction 
times, tr. The resulting AMPS-g-PSF fiber mats were washed with copious amounts of 
DIW to completely remove any bulk polymer or unreacted monomers units that are not 
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attached to the polymer fiber. The AMPS-g-PSF fiber mats were dried at 125°C for 4 
hours in air to remove any residual water.  
 
7.2.4 Vapor Permeability Measurement 
Vapor permeability of fiber mats and composites were tested based on the ASTM E 
96-95 (Standard Test Methods for Vapor Transmission of Materials) procedure 10,11. 20-
ml vials, with open-top caps and Teflon-lined septas (i.e., gasket), were used. A 15-mm 
hole was cut in the center of the septa to match the hole in the cap. Membranes were cut 
into circles with a 22-mm diameter, the size of the original septa. The thickness of each 
membrane was measured with a digital micrometer. Membranes were sealed between the 
cap and the cored septa. Vials filled with 10-ml of permeant (deionized water or DMMP) 
were equilibrated in an environmental chamber (Tenney) (35oC, 10% RH) for 24 h. The 
regular caps were then replaced with membrane-lined caps and the total assembly weight 
was recorded. Vial weights were recorded every 24 hours until a sufficient amount of 
data was collected to determine constant rate of weight loss for each sample. RH 
remained constant at 10 percent outside the vial while at 100 percent inside the vial 
throughout the experiment. Three trials were conducted for each membrane. 
The vapor transmission rate, VTR, is calculated from the following equation: 
 
tA
GVTR =  7.1 
where G, t, A are the weight of the sample, time and cross-sectional area respectively. 
The VTR is determined from the slope of the steady state portion of a plot of weight loss 
versus time.  
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Since VTR does not account for the thickness of the sample, the effective 
permeability, Peff, is calculated as: 
 
)(
)(
21 RRS
VTRlPeff
−
=  7.2 
where l is the sample thickness, S is the saturation vapor pressure at the test temperature, 
(R1-R2) is the difference in relative humidity between the inside and outside of the vial.  
The selectivity of specimens for water vapor over DMMP was then defined as the 
ratio between the effective water vapor permeability and DMMP permeability.  
 
7.2.5 Preparation of Fiber-Thermoplastic Composites 
Hot Pressing. The fabrication procedure employed consisted of placing electrospun 
PSF fiber mats sandwiched between Nucrel® films in a hot press at 125°C and ~1000 psi 
pressure for typically less than 30 s. The prepared composite was then removed and 
annealed for one hour at 125°C in air. A schematic of the procedure employed is shown 
in Figure 7.2. Thus, composites consisting of AMPS-g-PSF fibers and Nucrel® are 
identified as AMPS-g-PSF-e-Nucrel® and composites with virgin PSF are identified as 
PSF-e-Nucrel®.  
Solution Casting. For this procedure, annealed PAA/Nafion® blend fiber mats were 
immersed in solutions of different concentrations of Surlyn®8120 in THF (solubilities of 
Nucrel® and Surlyn® in THF are discussed in section 8.3.1). The fiber mats were easily 
wet, following which they were removed from the Surlyn®/THF solution and the THF 
was allowed to evaporate at room temperature to obtain encapsulated fiber mesh  
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Figure 7.2 Schematic representation hot pressing procedure used for preparation of 
AMPS-g-PSF-e-Nucrel®535 of PSF-e-Nucrel® fiber-thermoplastic matrix composites.  
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composites. These composites are identified as PAA/Nafion®-e-Surlyn®. The 
concentration of PAA/Nafion® in the blends was determined based on measured weights 
before and after encapsulation in Surlyn®. This procedure was not possible with PSF fiber 
mats since PSF dissolves in THF. Conductivity of AMPS-g-PSF Fiber Mats and 
PAA/Nafion®-e-Surlyn® Composites 
Fiber mats and composites were equilibrated in DIW for 24 hours prior to measurement 
of conductivities. The water equilibrated fiber mats were then patted to remove excess 
water and measurements of through-plane conductivity were done in the same manner as 
outlined in section 4.3.5. Care was taken to lightly press the stainless steel electrodes onto 
the surface of the fiber mats and composites in order to minimize compression and not 
alter membrane thickness.  
 
7.3  Results and Discussion 
7.3.1 AMPS-g-PSF Fiber Mats 
The grafting of AMPS units onto the surface of plasma treated PSF is thought to occur 
due to the presence of active peroxide radicals on the surface of the fiber. Upon thermal 
activation and in the presence of a reactive monomer such as AMPS, it is possible for 
conventional free radical polymerization takes place from the fiber surface and is 
schematically shown in Figure 7.3. This would result in attached AMPS on fiber surfaces 
at locations where active peroxide groups are present. Figure 7.4 shows comparisons 
between ATR-FTIR spectra of plasma fiber mats that have been grafted at 80°C with 
AMPS (tr = one hour), control samples of PSF in AMPS solutions without plasma 
treatment, and virgin PSF. The spectra clearly indicates that plasma treated mats have 
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grafted sulfonic acid groups (1038 cm-1) 29 while non-plasma treated mats and the virgin 
PSF polysulfone fibers do not show similar peaks attributable to grafted AMPS.  
The increased hydrophilicity after grafting was also observed by distinct changes in the 
wettability of these fiber mats. Figure 7.5 qualitatively compares the wetting behavior of 
mats that have been plasma treated and grafted with AMPS to virgin PSF mats. The 
images indicate that the AMPS grafted mats wet out better than the non-plasma treated 
mats, suggesting increased hydrophilicity due to grafting of sulfonic acid groups. Figure 
7.6 shows micrographs comparing virgin PSF with AMPS-g-PSF fiber mats (tr = one 
hour, 80°C). The micrographs indicate that extensive interfiber bridging does not occur, 
suggesting that AMPS groups are primarily localized on the fiber surface and not in the 
void volume between fibers.  
Figure 7.3 shows a schematic representation of grafted AMPS on a PSF fiber. AMPS 
groups are grafted on a PSF fiber (r1 = 1 μm) with a characteristic annular thickness (r2 - 
r1), under the assumption that uniform grafting of AMPS is taking place. The uniformity 
of grafting on PSF fibers is a reasonable assumption since SEM micrographs of 
polysiloxane grafted onto PSF investigated in chapter 6 also suggested uniform and thin 
coatings. Grafting densities of AMPS on PSF fiber mats based on gravimetric 
measurements was not possible due to the possibility of fiber attrition during processing, 
leading to errors in weight measurements. Rather, an estimate of the thickness of grafted 
AMPS was evaluated from comparisons between weight loss profiles of grafted and 
ungrafted fibers mats.  
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Figure 7.3 Schematic representation of O2 plasma treatment and subsequent AMPS 
grafting onto hydroperoxide groups on PSF fiber mats [adapted from Chen et al.232] 
indicating covalent attachment of AMPS moieties onto the fiber surface and free 
poly(AMPS).  
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Figure 7.4 ATR-FTIR spectra of PSF fiber mats (a) AMPS-g-PSF fiber mat (plasma 
treated for 30 s, tr = one hour at 80°C) (b) control samples of non-plasma treated AMPS-
g-PSF fiber mat (80°C, tr = one hour), (c) PSF fiber mat (plasma treated for 30 s), and (d) 
virgin PSF fiber mats.  
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Figure 7.5 Comparisons between wettability of water with (a) virgin PSF fiber mat, (b) 
PSF fiber mat (plasma treated for 30 s), (c) AMPS-g-PSF fiber mat (plasma treated for 30 
s, tr = one hour at 80°C) at the instant of drop contact, and (d) after 5 s of contact; 
indicating hydrophilicity of AMPS-g-PSF fiber mat.  
(a) (b) 
(c) (d) 
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Figure 7.6 SEM micrographs of (top) virgin PSF fiber mat (average diameter = 1 μm) 
and (bottom) AMPS-g-PSF fiber mat (plasma treated for 30 s, tr = one hour at 80°C).  
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Figure 7.7 compares thermal decomposition profiles of AMPS-g-PSF fiber mats with 
values of tr of 30, 60 and 90 minutes to virgin PSF and AMPS monomer. These profiles 
indicate that while AMPS starts degrading at a characteristic temperature of 165-175°C, 
the characteristic degradation of PSF begins only at 450°C. Therefore, for AMPS-g-PSF 
fibers, degradation temperatures between 165 and 450°C will then correspond to the 
weight fraction of AMPS grafted onto PSF. The annular thickness can then be evaluated 
using the following equation:  
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where r1, r2, (r2-r1) are the radii of the original PSF fiber, AMPS-g-PSF fiber, and the 
annular thickness after AMPS grafting respectively. The ratio WAMPS/WAMPS+PSF was 
obtained from the thermal decomposition profiles as the fractional weight loss between 
165°C and 450°C and the densities of AMPS and PSF were 1.26 g/cc and 1.24 g/cc 
respectively. Equation 7.1 can be rearranged to compute the annular thickness as: 
 
)1(
.
)(
2
1
)(2
12
PSFAMPS
AMPS
AMPS
PSF
PSFAMPS
AMPS
W
W
r
W
W
rr
+
+
−
+=
ρ
ρ
 7.4 
Table 7.2 lists the annular thicknesses estimated at corresponding weight fractions of 
AMPS and grafting times. The data indicates that an increase in tr results in a 
corresponding increase of the annular thickness. This annular thickness, or sheath layer, 
was evaluated to be at an average of 9, 25 and 51 nm for reaction times of 30, 60, and 90 
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minutes respectively. Such a sheath thickness layer that is less than 10 percent of the core 
PSF fiber diameter explains why interfiber bridging is not significant (from Figure 7.6), 
especially since separation between individual PSF fibers can be greater than a micron.  
 
Table 7.2 Estimated annular thicknesses of AMPS and corresponding conductivities 
of AMPS-g-PSF fiber mats 
 
Reaction time, tr 
(min) 
Grafted AMPS  
(wt. %) 
Annular thickness 
(nm) 
σ 
(mS cm-1) 
0 0 0 0.0005 
30 1.9 ± 1.0 9 ± 5 0.097 ± 0.04 
60 4.8 ± 0.4 25 ± 1 0.11 ± 0.037 
90 9.5 ± 3.6 51 ± 20 0.15 ± 0.079 
 
Table 7.2 also lists through-plane proton conductivities of AMPS-g-PSF fiber mats 
with varying AMPS annular thicknesses. The data indicate that increases in the grafting 
density results in slightly increased conductivities on fiber mats. Based on these values of 
conductivity, it is possible to calculate the values of μeff in a similar manner (see 
Appendix A) to that calculated for the VAD copolymer membranes. This data is shown 
in Figure 10.2 comparing effective proton mobilities of different systems investigated.  
 
The measurement of conductivity using the two-point method is sensitive to the applied 
pressure and the actual water content present within the fiber itself. Since sample 
thickness can abnormally decrease under compression, this may be translated into errors 
during measurement for such PSF fiber mats. The use of a torque-limiting device would 
help mitigate this problem and is recommended as future work.  
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Figure 7.7 Thermal decomposition profiles of AMPS-g-PSF fiber mats (plasma treated 
for 30 s) at tr ( ) 30, ( ) 60, and ( ) 90 minutes compared to of ( ) virgin PSF fiber 
mats and ( ) AMPS monomer. 
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Figure 7.8 Schematic representation of grafted AMPS sheath on PSF core indicating 
uniform surface coverage, with a grafted fiber radius, r2, and fiber core thickness, r1. 
polysulfone core (r1) 
polysulfone core (r1) 
grafted AMPS sheath and 
polysulfone core (r2) 
AMPS grafted onto PSF fiber mats 
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Note that the grafting procedure developed has similarities to the development of 
polymer surfaces with tethered ‘grafted-from’ polymer chains. The effects of polymer 
molecular weight and chain length, grafting density, solvent quality, and charged groups 
on grafted chains will affect final properties of grafted polymers and should be 
considered in future work.  
The next step in the development of polymer-polymer composites is fiber encapsulation 
within a hydrophobic polymer matrix and is discussed further.  
 
7.3.2 Encapsulated Fiber-Thermoplastic Matrix Membranes: AMPS-g-PSF Fibers 
Encapsulation of AMPS-g-PSF fiber mats within a thermoplastic matrix is expected to 
incorporate combine properties of both phases, that is, hydrophilicity and conductivity of 
the grafted fiber with the mechanical properties of the matrix. It is envisioned that such 
composites may be utilized as barrier membranes where selective control over the 
permeability of water vapor is achieved by control over the concentration of the 
hydrophilic phase.  
Figure 7.9 shows SEM micrographs at different magnifications of composites of PSF-
e-Nucrel®535 (~12 wt. % PSF in Nucrel® and (AMPS-g-PSF)-e-Nucrel®535 (~10 wt. % 
AMPS-g-PSF in Nucrel®). The AMPS-g-PSF fiber mats were prepared at a grafting time 
of 60 min and hence are estimated to have a 4.8 wt. % AMPS graft with an estimated 
wall thickness of 25 nm (Table 7.2).  
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Figure 7.9 SEM micrographs of fiber-thermoplastic matrix composites of Nucrel®535 
and (a,b) (AMPS-g-PSF)-e-Nucrel®535 and (c,d) PSF-e-Nucrel®535.  
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Figure 7.10 SEM micrographs showing (AMPS-g-PSF)-e-Nucrel®535 composite 
membranes at different magnifications indicating an absence of surface exposure of 
fibers.  
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The micrographs clearly indicate that for AMPS-g-PSF fiber mats, a well-wetted 
interface exists between the fiber and the matrix phase. The occurrence of such an 
interface between the filler and matrix is necessary to obtain homogenous distributions of 
fibers within a composite membrane. On the other hand, for virgin PSF fibers, it is 
apparent that there is a significant clumping of fibers resulting in poor interfacial wetting. 
It is possible that the improvement in interfacial contact is due to specific interactions, 
such as hydrogen bonding, between the methacrylic acid group of the matrix and the 
sulfonic acid group or the secondary amine group of the grafted AMPS on the fiber 
surface. This indicates that modifying a fiber surface with grafted ionic groups can 
significantly improve interfaces by acting as coupling agents between a fiber and matrix 
phase. 
The barrier properties of such composite membranes can be evaluated by determining 
the vapor transport characteristics of these membranes, and indicates differences that 
might arise due to the incorporation of ionic groups. Table 7.3 lists vapor transport 
measurements of AMPS-g-PSF-e-Nucrel® membranes compared to PSF-g-Nucrel® 
membranes and control samples. From the data, it can be concluded that the presence of 
fibers within Nucrel®535 did not alter membrane transport properties, while also not 
showing differences either in the presence or absence of AMPS grafting. This was 
probably due to the presence of substantial skin layers on both surfaces of the fiber-
thermoplastic matrix composite as shown in Figure 7.10. This suggests that property 
modification due to the presence of fibers is not observed, rather, only the properties of 
the dense film are observed. These results serve to demonstrate the importance of surface 
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exposure on property modification in fiber-thermoplastic matrix composites. To obtain 
composite membranes with sufficient surface exposure, the solution casting technique on 
PAA/Nafion® fibers described in the next section was utilized.  
 
 
Table 7.3 Water and DMMP Transport Properties of membranes 
 
Water Vapor DMMP Vapor 
Sample 
VTR a Peff (10-4) b VTR a Peff (10-4) b 
Selectivity 
Nucrel® 535 
membrane 27.1 0.61 81.4 10.1 0.1 
PAA nanofiber mat 4203 136 242 43.1 3.1 
AMPS-g-PSF 
nanofiber mat 4549 206 249 61.5 3.3 
AMPS-g-PSF-Nucrel® 
535 composite 44.7 1.9 49.2 11.5 0.2 
 
a g⋅m-2⋅day-1 
b g⋅mmHg-1⋅m-1⋅day-1 
 
7.3.3 Encapsulated Fiber-thermoplastic Matrix Composites: PAA/Nafion® Fibers 
Figure 7.11 shows SEM micrographs of annealed PAA/Nafion® fibers, at a weight 
ratio of 1:1, electrospun under conditions discussed in Table 7.1. The micrographs reveal 
that the average fiber diameters for spinning distances of 14, 16 and 19 cm are 740, 459, 
and 545 nm respectively. Evaluation of composite performance using the hot pressing 
technique described previously was not possible since significant melting and fusion of 
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fibers takes place for the experimental conditions employed (see Appendix A for details), 
and solution casting was used instead.  
Figure 7.12 shows SEM micrographs of top surfaces of solution cast composites of 
PAA/Nafion® fibers (original average fiber diameter = 545 nm) from a 2 wt. % 
Surlyn®8120-THF solution (PAA/Nafion®-e-Surlyn®8120; 81 wt. % PAA/Nafion® in 
Surlyn®8120) or from a blank THF solution. The micrographs indicate both surfaces to 
be qualitatively similar without the presence of surface pinholes or voids that might 
suggest inhomogeneous wetting. Figure 7.13 shows micrographs of cross-sections of 
these PAA/Nafion®-e-Surlyn®8120 composites, indicating the presence of PAA/Nafion® 
fibers within the matrix volume, although not with the same distinct morphology of the 
original fiber mats. Gravimetric measurements indicate that all PAA/Nafion®-e-
Surlyn®8120 composite membranes contain between 70 and 91 wt. % of PAA/Nafion® 
fibers within the fiber mat while the rest is the thermoplastic matrix, suggesting that 
Surlyn® is present through the composite volume (also confirmed by conductivity 
measurements in following section). Thus, two conclusions can be drawn to explain these 
observations.  
Since there is no obvious difference in surface structure of composites prepared either 
in the presence or absence of Surlyn®8120, it is possible that THF damages the clear 
PAA/Nafion® fiber morphology by loosening PAA or Nafion® within the fiber to spread 
out and fill surface voids. Additionally, these fiber-thermoplastic matrix composites 
definitely consist of a fraction of the thermoplastic matrix phase (Surlyn®8120) although 
not necessarily completely dispersed within the void volume, but mixed in through the 
PAA/Nafion® fiber mat.  
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In order to show the importance of compatibility between the two phases, an example 
of using polypropylene fibers encapsulated within a Surlyn®8120 matrix is shown in 
Figure 7.14. These composites were prepared by the solution casting technique as well. 
The micrographs clearly show that there is good wetting and surface exposure of the 
fibers, while the morphology of the fibers are also clearly maintained. These results 
indicate that the solution casting technique is definitely applicable to systems where 
chemical ‘inertness’ between the fiber and the solvent can be maintained. SEM 
micrographs indicate that the objectives of surface exposure and fiber connectivity were 
attained using a solution casting technique. The expected variations in properties due to 
the interplay between the relative concentrations of PAA/Nafion® and Surlyn® and can 
then be probed by evaluating the proton conductivity of these composites. In the event 
that there is a non-conductive and hydrophobic skin layer on either side of the membrane, 
this will translate into a correspondingly increased resistance to proton transport. 
Table 7.4 lists through-plane proton conductivities of PAA/Nafion®-e-Surlyn®8120 
composite membranes prepared from different weight percent solutions of Surlyn®8120, 
and corresponding PAA/Nafion® concentrations determined gravimetrically in composite 
membranes. The conductivities for PAA/Nafion®-e-Surlyn®8120 composite membranes 
range between 0.02 and 2.6 mS cm-1 and are compared to a control sample of an annealed 
PAA/Nafion® fiber mat, which has a conductivity of 3.9 mS cm-1. The data indicates that 
the presence of larger fractions of Surlyn®8120 within composite membranes (due to the 
larger concentration of a Surlyn®8120/THF solution) results in concomitant decreases in 
conductivity. This decrease in conductivity is possibly due to the decrease in the 
concentration of sulfonic acid groups within a composite membrane as the concentration  
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Figure 7.11 SEM micrographs of PAA/Nafion® fibers at a weight ratio of PAA:Nafion® 
of 1:1 electrospun at a spinning distance of (a) 14 cm (b) 16 cm and (c) 19 cm.  
 
14 cm 740 ± 160 nm 
16 cm 459 ± 93 nm
19 cm 545 ± 109 nm 
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Figure 7.12 SEM micrographs of (top) surface of PAA/Nafion® fiber mat (1:1 weight 
ratio, 16 cm) solution cast from a 2 wt. % Surlyn®8120 solution and (bottom) control 
sample of PAA/Nafion® fiber mat (1:1 weight ratio, 16 cm) cast from a blank THF 
solution.  
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Figure 7.13 Cross-sectional view of (top) PAA/Nafion®-e-Surlyn® composite 
(PAA/Nafion® 1:1 weight ratio, 19 cm) solution cast from a 2 wt. % Surlyn®8120, and 
(bottom) (PAA/Nafion®, 1:1 weight ratio, 16 cm) solution cast from a 4 wt. % 
Surlyn®8120 solution.  
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Figure 7.14 SEM micrographs of polypropylene-e-Surlyn®8120 composite membranes 
prepared by the solution casting technique showing (top) surface and (bottom) cross-
sectional view indicating surface exposure and connectivity.  
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of Surlyn® increases and agrees well with observations developed so far for VAD 
copolymers where an increase in the hydrophilic fraction in results in an increased 
conductivity.  
The values of conductivity obtained for these fiber-thermoplastic matrix composites 
can also be linked to a common parameter of effective proton mobility that has been 
discussed for VAD copolymer membranes and AMPS-g-PSF fiber mats and is presented 
is discussed as future work.  
 
Table 7.4 Properties of PAA/Nafion®-e-Surlyn®8120 fiber-thermoplastic matrix 
composites 
 
Surlyn® 
Solution 
 
(wt. %)  
Original fiber 
diameter  
 
(nm) 
PAA/Nafion® loading  
 
(wt. %) 
σ 
  
mS cm-1 
0 459 ± 93 100 3.6 ± 1.16  
2 740 ± 160 91 2.6 ± 1.06 
2 459 ± 93 78 1.1 ± 0.14 
2 545 ± 109 81 2.1 ± 0.98 
4 459 ± 93 75 0.50 ± 0.03 
4 545 ± 109 70 0.02 ± 0.004 
 
This section regarding the fabrication of fiber-thermoplastic matrix composites using 
PAA/Nafion® fibers has furthered an understanding of the requirements of selecting 
fibers to include the effects of chemical compatibility between the fiber and the solution 
phase. This was discussed by comparing the case of PAA/Nafion® with encapsulated 
polypropylene fibers, in which there was complete chemical compatibility between the 
fiber and matrix phases.  
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7.4 Summary 
Chapter 7 has investigated techniques to develop polymer-polymer composites where 
fibers with localized ionic groups are encapsulated within a thermoplastic matrix. The 
investigated fibers were of two types, viz. hydrophobic fibers with grafted ionic groups 
(AMPS-g-PSF) or hydrophilic fibers (PAA/Nafion®) 
In the case of AMPS-g-PSF, controlled thicknesses and uniform coatings of AMPS 
were quantified using a combination of thermogravimetric analysis and conductivity 
measurements. Such membranes with grafted ionic groups showed significantly 
improved wetting between the fiber and matrix phase (Nucrel®535). Since this improved 
interface did not translate into marked improvements in vapor transport characteristics, a 
solution casting technique was employed with hydrophilic PAA/Nafion® fibers. Such a 
technique was found to incorporate sufficient wetting between the fiber and matrix, 
surface exposure of fibers and connectivity between fibers, all of which are necessary 
conditions for the realization of properties of both the fiber and the matrix phase. It was 
determined that THF can have detrimental effects on PAA/Nafion® fiber morphology. 
This did not result in reduced properties though, and clear effects on conductivity were 
observed due to the incorporation of a thermoplastic Surlyn® phase within the matrix. 
This solution casting technique is robust in the absence of interactions between the 
solvent and the fiber phase such as the example of a polypropylene-e-Surlyn®8120 
composite structure briefly mentioned.  
Chapter 7 looked into one aspect of fabricating fiber-thermoplastic matrix composites. 
Several insights into the requirements for fabrication of composites and the links to final 
properties such as vapor permeability and proton conductivity were postulated. The 
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rational development of creating polymer-polymer composites is furthered within the 
framework of mesoscaled composite structures in the next chapter. Chapter 8 investigates 
the fabrication of ionomer-thermoset composites for potential application in self-healing 
materials. Strategies are described to evaluate composite performance based on the ability 
to fabricate nanoporous ionomers and subsequently fill the pore volume with a 
thermosetting resin.  
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CHAPTER 8: DEVELOPMENT OF NANOPOROUS IONOMERS AND 
IONOMER-THERMOSET COMPOSITES 
 
8.1  Introduction  
 
The previous chapter looked into one aspect of fabricating mesoscaled composite 
structures of fiber-thermoplastic matrix composites for potential selective barrier 
applications. Another aspect of fabricating mesoscaled composite structures is based on 
the concept of localizing an ionomer within a thermosetting matrix. This concept is 
investigated in greater detail in this chapter. A potential application for developing such 
systems is based on the concept of synergistically using both electrostatic interactions of 
the ionomer and the mechanical strength of the thermoset in a unified composite 
structure. The ionomers investigated are random copolymers of either the neutralized or 
the unneutralized forms of polyethylene-co-methacrylic acid (Surlyn® or Nucrel® 
respectively) manufactured by DuPont®. These particular systems were chosen since 
work by other researchers has shown that these ionomers exhibit self-healing 
characteristics 98. The first step to test the hypotheses of balancing the healing 
characteristics of an ionomer against the mechanical strength of a thermosetting resin is 
to be able to fabricate such composites.  
This chapter deals largely with the fabrication of mesoscaled composite structures 
between unneutralized random copolymers of polyethylene-methacrylic acid (Nucrel®) 
and cross-linked vinyl ester resins. This chapter is divided into two broad sections. 
Section 8.3.1 and section 8.3.2 discusses the solubility of Nucrel® and Surlyn® in THF 
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and a possible mechanism for the formation for the observed gelation which results in 
THF-swollen, physically cross-linked Nucrel® gels. Such physical gel formation has been 
the subject of intensive study in various polymer systems such as PVDF 233 and PVC 234, 
and extensive theories have been developed for the process. Since the gelation of Nucrel® 
and Surlyn® has been observed for the first time in this work, this chapter only suggests a 
possible mechanism for physical gel formation while realizing that more in-depth studies 
will be necessary to further elucidate the observations on gelation. Rather, the use of such 
physical gels for the formation of nanoporous structures and composites thereof is then 
looked into in greater detail. Section 8.3.3 evaluates the formation of nanoporous 
ionomers from these solvent swollen physical gels and discusses the pore structure 
obtained in each case. Finally, section 8.3.4 discusses the fabrication of composites 
between nanoporous Nucrel® and vinyl ester with a discussion on observations of 
mobility of the linear polymer within a thermosetting matrix. Since these are essentially 
two-phase systems, the possibility of healing can potentially arise from either component 
in the composite. The aspects of decoupling healing between both components are briefly 
summarized in section 8.4, where the basis for links to observations on crack-healing in 
unmodified thermosets in chapter 9 is developed.  
 
8.2 Experimental Section 
8.2.1 Materials 
The grades of Nucrel® (535 and 925) and Surlyn® (8120 and 9910) used are described 
in section 7.2.1. The chemical structures of these thermoplastic polymers are given in 
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Figure 7.1. Vinyl ester resin (Derrakane 411-350, DVE, Ashland Chemicals) was used as 
obtained.  
 
8.2.2 Dissolution and Gelation Procedure 
Known weight fractions of polymer were allowed dissolved in THF with constant 
stirring under reflux between 65°C and 70°C. Dissolution was ascertained by the 
disappearance of pellets and was typically achieved within eight hours. The dissolution 
limits of these samples are discussed further in Section 8.3.1. After dissolution, solutions 
were poured into vials, sealed, and allowed to stand at room temperature. Over the next 
two hours, the specimens gradually become opaque and formed free-standing polymer 
gels encapsulating the THF. This transformation from a solution to a gel is completely 
reversible and is shown in Figure 8.1.  
 
8.2.3 Composite Preparation 
Composites of Nucrel®535 and DVE were prepared by allowing the critically dried and 
porous Nucrel®535 to equilibrate in a sealed container of DVE for two days followed by 
the addition of benzoyl peroxide as a free radical initiator at a concentration of 2 wt. % of 
DVE used. The sealed container with the Nucrel-DVE was heated at 60°C for 24 hours. 
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Figure 8.1 (left) 5 wt. % Nucrel®535 in THF solution at 60°C and (right) physical gel 
adhering to the bottom of the vial after standing for one hour at room temperature.  
-Δ  
+Δ  
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8.2.4 Supercritical CO2 Drying, SEM and DSC 
THF-swollen gels were supercritically dried and SEM micrographs were obtained using 
the procedures described in Section 4.3. DSC was done as explained in section 9.3.6 
between 0 and 140°C at a ramp rate of 10°C/min over a first and second scan. The 
melting enthalpy was taken as the integral peak area between 20°C and 130°C.  
 
8.3 Results and Discussion 
8.3.1 Solubility of Nucrel® and Surlyn® 
While testing the solubility of Nucrel® and Surlyn® in THF, it was found that not all 
polymers were soluble. Both Nucrel®535 and Nucrel®925 were soluble up to 16 wt. %. 
and 20 wt. % in THF respectively. Solutions of Surlyn®8120 (Na neutralized form) 
dissolved into THF up to a concentration of 8 wt. % while Surlyn®9910 (Zn neutralized 
form) did not dissolve, although the pellets swelled up in THF. These differences in 
solubility might be related to the stronger electrostatic interactions present between 
divalent ion pairs such as Zn, which might be more difficult to disrupt than electrostatic 
interactions between ion pairs in the Na neutralized form.  
 
8.3.2 Possible Mechanism of Physical Gel Formation 
Since the polyethylene fraction of the copolymer does not dissolve in THF, it must be 
assumed that dissolution is primarily due to the presence of the methacrylic acid fraction 
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in the copolymer. It is also known that significant multiplet formation or clustering does 
not take place in the unneutralized form of these copolymers 235. The combination of both 
these monomer units results in a semicrystalline structure, where the crystallinity is due 
to the polyethylene fraction in the copolymer while the methacrylic acid fraction disrupts 
this crystallinity. Crystallites are known to form physical crosslinking junction points and 
it is possible that the observed physical gelation might be due to similar effects such as 
that observed in PVA in various solvents 236. The gradual development of opacity within 
these gels also indicates the onset of crystallite formation, suggesting a competition 
between the rates of gelation and phase separation. In the case of Zn neutralized Surlyn®, 
electrostatic interactions between ionic groups appear to cause an increased resistance to 
dissolution although this is not clear since the fraction of neutralized methacrylic acid 
groups is not known.  
Figure 8.2 and Figure 8.3 show DSC thermograms obtained on the first scan and 
second scan on Nucrel®535 and Nucrel®925 prepared at different weight fractions 
compared to untreated Nucrel® For Nucrel®535, from the data obtained on the first run, 
in addition to the primary melting transition at ~92-98°C, weaker melting transitions 
between 40°C and 80°C were also observed for all specimens. In the case of 
supercritically dried samples, there appeared to be two such melting transitions while the 
as-obtained samples indicated only one such weaker melting transition at ~62°C. Scans 
obtained on the second run did not indicate such effects and indicated only a single 
melting peak for all specimens at ~98°C. Similar observations were made in Nucrel®925 
as well (Figure 8.3), where two such distinct weak melting peaks (between 40°C and 
80°C) are observed in the first scan for supercritically dried samples compared to only 
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one such weak transition in the case of as-obtained Nucrel®925. During the second run, 
these weaker transitions were lost and only the melting peak at ~96°C was observable.  
Since the ethylene-methacrylic acid copolymer is random in nature, it is possible that 
there are a broad sequence of ethylene sequence lengths giving rise to a distribution of 
lamellar thicknesses with a broad range of melting enthalpies (as seen in the wide melting 
endotherm)237. Upon slow crystallization from a solvent, it can be hypothesized that these 
ethylene units can form crystalline lamellae of different thicknesses depending on 
solvent/temperature conditions. Depending on the resulting thickness of such crystalline 
lamellae, multiple transitions can then be seen, which might be a reflection of the 
differences in crystalline states within a supercritically dried system. During the second 
run, such differences in crystallinity induced by supercritical drying would be lost and the 
resultant melting peak indicates similar melting transitions for all samples. This behavior 
is similar for both Nucrel®535 and Nucrel®925. The differences in melting enthalpies 
between samples are also reflected in differences between the degrees of crystallinity, φc, 
of the sample in the first and second scan (with a HΔ of 67 cal/g for 100 percent 
crystalline polyethylene) and are listed in Table 8.1. The data indicates that over the first 
scan, the average degree of crystallinity is between 30 and 38 percent for supercritically 
dried Nucrel®925 and 25 percent for as-obtained membranes. On the second scan, this 
difference in crystallinity is not obvious anymore and all samples possess between 21 and 
26 percent crystallinity. These values of crystallinity in bulk samples are similar to 
observations by other researchers as well 237. 
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Table 8.1 Degree of crystallinity measured over first and second DSC scans in 
supercritically dried Nucrel®925 prepared from different weight fractions in THF 
compared to as-obtained Nucrel®925. 
 
Nucrel®925 
(wt. %) φc1 φc2 
4 31.76 23.19 
5 34.08 24.26 
8 38.48 26.12 
10 36.31 25.69 
12 38.38 26.18 
14 34.10 23.19 
20 30.31 20.74 
as-obtained 25.29 22.73 
 
It should be noted that the concept of forming thermoreversible physical gels, such as 
the one observed in the case of Nucrel®, is an extremely complex area and involves 
several governing effects. The effects of chain entanglements, specific interactions in 
solvent-polymer systems, percolation phenomena all need to be considered in addition to 
the effects of crystallite formation in such a polymer system. Such a study is beyond the 
scope of this work at this point where the evolution of pore structure is primarily studied 
coupled with a brief understanding of differences in sample crystallinity when processed 
using a supercritical solvent extraction technique. 
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Figure 8.2 DSC traces of Nucrel®535 on the (a) first run and (b) second run for 
supercritical supercritically dried samples at (top to bottom) 8, 12,14, and 16 and as-
obtained Nucrel®535.  
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Figure 8.3 DSC traces of Nucrel®925 on the (a) first run and (b) second run for 
supercritically dried samples at (top to bottom) 4, 8, 10, 12, 14, and 20 wt. % and as-
obtained Nucrel®925.  
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8.3.3 Nanoporous Structure of Nucrel®  
Figure 8.4 shows SEM micrographs of Nucrel®535 prepared at 5, 8, 10, and 14 wt. % 
in THF followed by supercritical drying. For a 5 wt.% solution, the micrographs indicate 
a highly open porous structure with pore sizes between 20 and 100 nm. From these 
micrographs, the polymer strut thickness was determined to be approximately 50 to 100 
nm. The open, bicontinuous pore structure of the linear polymer is similar to that 
obtained for nanoporous epoxy-amine thermosets (Figure 2.1) 11 and suggests complete 
encapsulation of the solvent by the polymer. With an increasing weight fraction of 
polymer, the pore size and strut thickness shows a corresponding increase, although 
definite trends were not quantifiable. It should be noted that Nucrel®535 does not 
completely dissolve at concentrations greater than 16 wt. % in THF, with polymer pellets 
remaining undissolved even beyond 8 hours of reflux.  
Similar pore structures are developed in Nucrel®925 as well. Figure 8.5 shows SEM 
micrographs at increasing magnifications of supercritically dried out Nucrel®925 
prepared from a 4 wt. % solution in THF. The micrographs indicate a distribution of pore 
sizes larger than a minimum value of 100 nm and strut thicknesses of around 50 to 100 
nm. The results suggest that similar porous morphologies can be obtained for different 
copolymers as long as solvent-encapsulated physical gels were formed.  
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Figure 8.4 SEM micrographs of nanoporous Nucrel®535 prepared from solutions of 
varying concentrations in THF.  
5 wt. % 8 wt. % 
10 wt. % 14 wt. % 
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Figure 8.5 SEM micrographs of nanoporous Nucrel®925 at different magnifications 
prepared from a 4 wt. % solution in THF.  
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8.3.4 Preparation of a Nucrel®-Thermoset Composite 
Figure 8.6 shows SEM micrographs of pure DVE, Nucrel®535 at 5 wt. % and a 
corresponding DVE-Nucrel® composite, indicating striking differences in the fracture 
morphology. The micrographs suggest that the pore walls of Nucrel®535 have been 
completely wetted by the DVE while maintaining the morphology of the Nucrel®535 
struts. The nodular stubs that appear to stick out of the surface of the DVE are an 
indicator of this, since pure DVE does not show such a structure. These micrographs then 
indicate that composites can be prepared with well-dispersed ionomers within a DVE 
thermoset, while the morphology of the linear polymer phase is retained.  
Figure 8.7 shows images of the cross-section after thermal treatment at 150°C for one 
hour. The images clearly indicate a migration of the Nucrel®535 above its melting point 
(~95°C) from its frozen structure into a ‘pooled up’ state on the surface of DVE. The 
porous structure left behind after removal of the linear polymer does not reflect a 
‘template’ left behind due to removal of nanoporous Nucrel®, although this might be due 
to further post-curing reactions occurring in the DVE which could lead to some shrinkage 
and deformation of the pore walls. These images suggest that even after a composite has 
been formed, the linear polymer phase within the thermoset has sufficient mobility to 
aggregate at a surface with the input of thermal energy. 
This might indicate that when a crack is formed within a thermoset and some thermal 
energy is applied, there is some migration of a linear polymer phase towards that crack. It 
should be noted that in the event of filling a crack, a new void surface might be  
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Figure 8.6 SEM micrographs showing (top) VE 411-350, (center) nanoporous 
Nucrel®535 and (bottom) VE 411-350/Nucrel® composite.  
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Figure 8.7 SEM micrographs indicating phase separation between linear polymer phase 
and thermoset upon thermal treatment of VE 411-350/Nucrel® composite.  
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created from the home site of the linear polymer which may cause property degradation 
at a different site and is an issue that needs to be considered. 
 
8.4  Conclusions 
Chapter 8 evaluated the fabrication of nanoporous Nucrel® from solvent encapsulated 
physical gels of Nucrel® in THF. Gelation is initially hypothesized to be due to 
crystallization of a polyethylene fraction around THF solvent pockets, based on an 
understanding of crystallite formation in similar thermoreversible physical gels 
investigated by other researchers. Nanoporous linear polymers prepared from different 
concentrations in THF and were found to have open, bicontinuous pore structures. 
Composites of nanoporous Nucrel®535 and DVE were fabricated and results indicated 
the possibility of preparing polymer-polymer composites with well-wetted interfaces. 
Significant mobility of the linear polymer was observed upon thermal treatment of the 
composite as well, suggesting that crack-filling might occur by migration of a linear 
polymer phase.  
The healing behavior in such composite systems needs to be separated into healing 
effects due to constituent components. It is known that Nucrel® can undergo crack-
healing characteristics, while it is not known to what extent healing can occur in an 
unmodified thermoset. Chapter 9 discusses the possibility of testing the crack-healing 
behavior thermosets prior to incorporation of a linear polymer phase. Novel insights are 
obtained for a possible healing mechanism, which is discussed further in the following 
chapter.  
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CHAPTER 9: CRACK-HEALING OF EPOXY-AMINE THERMOSETS 
 
9.1 Introduction 
Chapter 8 discussed the possibility of fabricating composites consisting of a linear 
nanoporous polymer within a cross-linked vinyl ester. The next step is to test the crack-
healing behavior of these composites to investigate if healing characteristics due to the 
Nucrel® phase are still retained in such a composite. Since it is known that Nucrel® and 
Surlyn® can show crack-healing characteristics 98, it is also necessary to investigate if the 
cross-linked matrix may exhibit healing in order to be able to separate the healing 
behavior due to the thermoset from the healing of the linear polymer.  
The following chapter discusses observations on the crack-healing behavior of an 
epoxy-amine thermoset prior to any incorporation of ionic groups, which is of 
fundamental interest, since interesting results for healing efficiencies were observed 
(Table 9.1). Section 9.2 gives a brief background and motivation for the study of this 
system followed by Section 9.3.3, which describes the compact tension testing protocol 
used to evaluate the healing behavior. Further, healing studies on epoxy-amine specimens 
were conducted either at a stoichiometric ratio or off-stoichiometric ratio of reactive 
epoxide to amine groups to evaluate differences in healing due to variations in network 
structure. Sections 9.4.1 and 9.4.2 discusses the results for both regions to postulate a 
possible mechanism for the observed healing. The chapter is summarized by considering 
this epoxy-amine thermoset as a baseline from which further composites may be 
developed.  
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9.2 Background and Motivation: Crack-Healing in Thermosets 
Highly cross-linked thermosetting polymers are used extensively in adhesives, 
structural composites and protective coatings. They exhibit excellent thermal and 
mechanical performance as well as solvent resistance 85. Epoxy thermosets are generally 
brittle and are often used in conjunction with toughening agents such as rubber modifiers 
86 or thermoplastic additives 87 that improves fracture toughness but reduces properties 
such as modulus and glass transition temperature. The brittleness in epoxies leads to 
incipient microcrack formation due to thermal or mechanical cycling. These microcracks 
can coalesce over operational lifetimes to eventually cause unexpected macroscopic 
fracture. One approach to mitigate the effects of microcrack growth has been the design 
of self-healing material systems that can reverse damage and recover load-bearing 
capacity.  
A number of self-healing techniques have been explored for brittle materials over the 
last two decades. In early work by Dry 88, hollow fibers filled with reactive liquids were 
embedded in concrete which ruptured on failure and filled cracks to cause strength 
recovery. More recently, White et al. 89 have developed polymer composites that heal 
autonomously. In these systems, microcapsules filled with monomers are dispersed 
within a catalyst-containing matrix. Upon failure, the microcapsules rupture releasing 
monomers that fill the crack site and react when exposed to the catalyst particles. Similar 
work by Bond et al. 90 has shown healing behavior of fiber reinforced epoxy composites 
into which resin-filled hollow glass fibers have been incorporated. Such techniques have 
demonstrated the design of systems that can heal autonomously at least once. However, 
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the need to develop materials that can heal multiple times without severe loss in strength 
is evident since once the filled inclusions are ruptured the healing agent is depleted. 
Remendable systems based on reversible covalent Diels-Alder linkages as investigated by 
Chen et al. 91, 92 and healing via the incorporation of linear polymer chains as reported by 
Hayes et al. 93 show promise as continuously rehealable materials systems. However, 
despite the growing number of studies dedicated to finding healing additives for common 
thermoset systems such as amine-cured epoxies, there has been very limited work 
reporting the inherent healing capacity of unmodified thermosets. This is not surprising 
since the crosslinked nature of thermosets is expected to curtail healing mechanisms 
observed for thermoplastics. Yet, surprising results briefly mentioned in the literature 
suggest healing is possible in crosslinked epoxy systems 103, 104. Our  preliminary results 
have shown that certain unmodified amine cured epoxies show healing efficiencies 
comparable to those observed in currently used healable thermosets as summarized in 
Table 9.1. Therefore, investigating the healing behavior of neat thermosets serves two 
main purposes; first, a baseline behavior for healing is established to which developments 
can be compared, and second, insights into the mechanisms of healing in thermosets can 
be gained that could lead to novel strategies for incorporating healing capacity in 
multifunctional composite structures. To our knowledge, the work reported herein 
represents the first detailed crack-healing study of unmodified epoxy-amine networks. 
The system investigated is a combination of diglycidyl ether of bisphenol A (DGEBA) 
with a cycloaliphatic diamine. DGEBA forms the basis for many commercial systems 238, 
systems investigated by our group 142, 239, and also those of others 240. The crack-healing 
behavior of epoxy-amine thermosets was evaluated using a modified compact tension 
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test-protocol. The influence of healing conditions such as time and pressure on strength 
recovery was evaluated for single healing as well as cyclic healing experiments. 
Additionally, the influence of epoxy-amine stoichiometry on healing behavior was 
assessed. The data obtained provide valuable clues regarding the mechanism of healing in 
these systems.  
 
Table 9.1 List of healing efficiencies from other researchers compared to healing 
efficiency of current epoxy-amine thermoset 
 
Method Healing efficiency (%) 
Autonomic healing 5 80-90% 
retro Diels-Alder 7 60-80% 
Polymer blends 9 40% 
Anhydride cured epoxy 10 100% 
Vinyl ester 19 1.70% 
Current system >50% 
9.3 Experimental Section  
9.3.1 Materials  
Diglycidyl ether of bisphenol A (DGEBA) (EPON®828, n=0.13, Miller Stephenson), 
tetrafunctional amine, 4,4’ methylene biscyclohexanamine (PACM, Air Products) and 
tetrahydrofuran (THF, 99.9%, Sigma Aldrich) were used as obtained without further 
purification. The chemical structures of the monomers used are shown in Figure 9.1.  
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Figure 9.1 Chemical structure of monomers used for the synthesis of epoxy-amine 
thermosets. 
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9.3.2 Sample Preparation  
The composition of epoxy-amine samples used in this study is given in Table 9.2. 
Samples at stoichiometry were synthesized at an epoxy-amine weight ratio of 100 parts 
epoxy to 28 parts amine. This corresponds to a stoichiometric ratio of epoxide group to 
reactive amine hydrogen groups defined as r = 1.0. All samples synthesized off-
stoichiometry were identified depending on this r value so that samples made with excess 
epoxy have r > 1.0 and samples with excess amine have r < 1.0. All values of r were 
accurate to within ± 0.02. The reaction mixtures were homogenized and degassed 
thoroughly at room temperature using a planetary motion mixer (Thinky AR250, Korea). 
Subsequently, a cure schedule of 80°C for two hours and 165°C for two hours was used 
to ensure complete conversion of epoxy and amine groups at r = 1.0 206. For mechanical 
testing, samples were machined to the required dimensions according to ASTM D5045-
99. A single hole was drilled at a distance of 3.5 mm from the notched end following the 
method of Chen et al. 92 in order to arrest the propagating crack. 
 
Table 9.2 Weight and molar ratios of EPON®828 and PACM used for the synthesis 
of epoxy-amine thermosets 
 
EPON®828 
(E) 
PACM 
(A) E:A ratio by weight 
E:A molar ratio 
(r) 
100 20 5.00 1.40 
100 23 4.35 1.20 
100 26 3.85 1.07 
100 28 3.58 1.00 
100 32 3.13 0.88 
100 34 2.94 0.82 
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9.3.3 Test Protocol and Healing Efficiencies  
Figure 9.2 shows a schematic of the compact tension test specimen used to evaluate 
healing efficiency. A starter-crack was created at the base of the notch by tapping a sharp 
razor blade The test specimens were loaded in tension between clevis grips using dowel 
pins at a crosshead speed of 0.1 mm/min and the experiment was stopped as soon as the 
crack was arrested by the hole. By arresting the crack in this fashion, the fractured faces 
of the specimen could be accurately realigned. For this arrangement, the crack length 
remains constant at 3.5 ± 0.1 mm. The fractured specimens were healed by either a high 
pressure (HP) or low pressure (LP) method. In the former, the specimens were kept at 
between 8-13 MPa using a heated press and allowed to heal at a set temperature and time. 
In the latter, a pressure of 0.13 MPa was applied in a pre-equilibrated convection oven. 
All healing studies were conducted in air and all specimens showed a visual 
disappearance of the crack interface prior to testing.  
The healing efficiencies in this study were computed using the following equation: 
  100*
0P
Pn
n =ε  (1) 
where Pn is defined as the maximum load at fracture at the nth cycle and P0 is the load 
at fracture of the original specimen. For cyclic healing tests, εn’ was defined by equation 
(2): 
  100*1'
n
n
n P
P +
=ε  (2) 
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Figure 9.2 Schematic and photographs showing test procedure used; (1) compact tension 
(CT) specimen loaded under tension at 0.1 mm/min, (2) CT specimen with arrested crack, 
(3) specimen healed using either HP or LP method. 
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For example Table 9.3 gives values of healing efficiencies measured for specimens using 
the HP or LP method at different stoichiometries for a healing temperature, Theal, of 
185ºC and a healing time, theal, of one hour. It is apparent from the data at r = 1.0, r = 
0.88 and r = 1.07, that the HP method resulted in a higher healing efficiency at all 
stoichiometries. Based on these results, all further testing reported in this work was 
carried out using the HP method.  
 
Table 9.3 Fracture loads and healing efficiencies before and after first heal 
measured using either HP or LP at different stoichiometric ratios 
 
  HP method LP method
r ε1 (%) ε1 (%) 
0.82 53 47 
   
1 60 39 
   
1.07 42 32 
 
9.3.4 Size Exclusion Chromatography (SEC)  
SEC was utilized to determine the presence of leachable extracts in cured epoxy-amine 
thermosets at different stoichiometries. A Waters®515 GPC was used with two 30 cm 
long, 7.5 mm diameter, 5 μm styrene-divinyl benzene columns in series (PL gel, Polymer 
Laboratories, Amherst MA; 50 Å pore size and mixed-C as the first and second columns 
respectively). The columns were equilibrated and run at 30ºC using THF as the elution 
solvent at a flow rate of 1 mL/minute. The column effluent was monitored using a Waters 
2410 refractive index detector. Samples were prepared by immersing 0.02 g of a cured 
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epoxy-amine specimen per gram of THF and equilibrated at 60°C. The extract was 
filtered through a 0.45 μm Nalgene® syringe filter prior to injection into the column.  
 
9.3.5 Scanning Electron Microscopy 
Morphological characterization was carried out using a FEI field-emission gun (FEG) 
environmental scanning electron microscope (ESEM), model XL30, at an accelerating 
voltage of 10kV, and spot size 3. All samples were sputter-coated with platinum prior to 
analysis.  
 
9.3.6 Fourier Transform Infrared (FTIR) Spectroscopy and Differential Scanning 
Calorimetry (DSC) 
FTIR spectroscopy was done using a Nicolet Nexus 670 Spectrometer between 
wavenumbers of 4000 cm-1 and 8000 cm-1 using a DTGS KBr detector at an aperture 
setting of 100. The resolution was set at 8 cm-1 and 32 scans were taken per spectrum. 
Epoxy group concentrations were monitored at a wavelength of 4528 cm-1 while 
secondary amine N-H stretching overtones were monitored at 6480 cm-1 142, 241, 242.  
The glass transition temperature, Tg, of the thermosets was obtained by differential 
scanning calorimetry (DSC, TA Instruments Q2000) measured on the second heating 
scan at 10°C/min between 30°C and 200°C. Samples ranged in weight from 5 to 12 mg 
and were placed in sealed aluminum pans.  
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9.4 Results and Discussion 
The results of the healing experiments are presented in two sections. The crack-healing 
behavior of epoxy-amine thermosets evaluated at stoichiometry (r = 1) is discussed first 
followed by the healing behavior off-stoichiometry (r ≠ 1).  
 
9.4.1 Healing Behavior at r = 1.  
Figure 9.3 shows a plot of fracture load and reheal efficiency for fully cured samples 
synthesized at r = 1.0 measured over repeated fracture and heal events. The fractured 
samples were rehealed at every cycle for theal of one hour and Theal of 185°C using the HP 
method. The average fracture load of virgin specimens was 68 N. The average fracture 
load was progressively lower after each heal with an average value of 37 N after the 
fourth cycle. The regains in fracture load correspond to a εn of 68, 60, 50 and 43 percent 
for the first, second, third and fourth cycle respectively. These values of εn are all 
significantly higher than the 1.7 percent recovery observed for a vinyl ester 243. The data 
in Figure 9.3 also indicates that the fracture load measured upon repeated healing is 
always less than the previously measured fracture load.  
The contributions of surface energy towards healing is thought to be minimal since the 
surface energy for an epoxy is typically around 50 mJ/m2 103, 176 while the observed 
fracture energies are closer to 100 J/m2. One possible explanation for the healing 
observed is the possibility of chemical reaction resulting in covalent bonding of the 
interfaces. Exposure of epoxy-amine thermosets to elevated temperatures may cause 
etherification reactions in the presence of epoxide groups. Near infrared spectra of fully 
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Figure 9.3 Representative plot for samples at r = 1.0 showing repeated regain in ( ) 
healing efficiencies and ( ) fracture load. Samples were healed at Theal = 185ºC under 
HP.  
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cured specimens at r = 1.0 did not show unreacted epoxide or amine groups and indicated 
full conversion of reactive epoxides and amines. Tg determined from DSC thermograms 
did not change appreciably with time and remained constant at 162.3 ± 1.4°C after 
heating at 185°C for 180 minutes. This further supports the contention of insignificant 
changes due to reactions occurring in the sample at Theal. The effect of post-cure on 
healing characteristics was further explored by annealing studies on fractured specimens. 
Epoxy-amine specimens with r = 1.0 were fractured and annealed for one hour at 185°C 
while the crack interface was forced apart to avoid contact between fractured surfaces. 
Samples were then healed at 185°C under HP for one hour. The fracture load of virgin 
specimens were 80.1 ± 16.5 N and fracture load after healing was 51.7 ± 2.9 N with an 
average ε1 of 70.6 ± 11.7 %. This healing efficiency is comparable to that of non-
annealed specimens as shown in Figure 9.3. This result further eliminated the probability 
of reaction as a major healing mechanism for systems cured at stoichiometry.  
Another possible explanation for the observed healing would be the interpenetration of 
a polymeric sol phase from one side of the fracture surface to the other in a manner 
comparable to the mechanism of healing observed in thermoplastic materials 244. 
However, SEC extracts from specimens cured at stoichiometry did not possess a 
measurable leachable fraction to suggest the presence of a mobile phase within the 
thermoset. Therefore, our results support the absence of a reactive interface or a mobile 
phase for samples at r = 1.0 that might otherwise explain the observed healing behavior.  
 
 
221
 
 
 
 
 
Figure 9.4 Plot of healing efficiency after first heal versus theal½ for samples at r = 1.0. 
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Figure 9.4 shows a plot of ε1 in samples after the first fracture/heal event for specimens 
at r = 1.0 versus theal at 185°C. From a least squares fit of data at short times (theal < 30 
minutes), the healing efficiency was found to depend on time to the power of ½. The data 
shows that for this case, the healing efficiency does not reach 100 percent but appears to 
plateau at approximately 55 minutes. According to theories developed for welding of 
linear polymers, the fracture energy, GI, is dependent on theal to the power of ½, while 
stress intensity factor (KI) and fracture stress (σ) are dependent on theal to ¼ 104.  
The data from Figure 9.4 indicates that ε1 (which is a measure of fracture load 
recovery and proportional to σ) has a ½ power dependence, suggesting deviations from 
theories developed for linear polymer systems 244-246. This might be so since unattached 
molecules are not available for entanglement in such a highly-crosslinked thermoset. The 
development of chain entanglements upon healing in polymer thermosets can not be 
described by the reptation model developed for linear polymers 246, 247 due to the absence 
of long polymer chains unattached to a polymer network. Healing in epoxy-amine 
polymer networks might be due to entanglement of fractured and dangling chain ends, 
similar to explanations for the crack-healing of polyurethanes 248 or cross-linked 
polystyrene-co-polyacrylonitrile 245. Compared to the long-range interpenetration found 
in high molecular weight thermoplastic welding, short-range dangling chain end 
interpenetration would not provide, on its own, high healing efficiencies. However, the 
adhesive effects of such short chain entanglement could be enhanced by the presence of a 
topologically irregular and rough fracture surface, since the interfacial contact area in 
such a case would be higher allowing for a greater volume of interaction through 
interpenetration.  
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In trying to elucidate the healing mechanism of cross-linked epoxy-amine thermosets 
it is also useful to assess the timescales for candidate processes in relation to the observed 
healing phenomena. A terminal chain in our fully cured system at stoichiometry would 
essentially consist of a polymer repeat unit (~ 796 g/mol). The diffusivity of such chain 
ends at short times is conservatively approximated to be 10-10 m2/s 249 and corresponds to 
a 1 nm diffusion depth being crossed in the order of 10-8 s. Since the observed crack-
healing process occurs over many minutes as shown in Figure 9.4, this is not the 
principal process responsible for strength recovery. A far slower step would be the 
rearrangement of larger scale surface features.  
Surface topography of fractured epoxy thermosets varies depending on the type of 
curing agent, cure schedule, and measurement technique 250-253. The fracture surfaces 
generally appear to have a nodular topography. From AFM measurements 250-253, the 
average height of each nodule (the root mean square distance, <r>) appears to vary 
largely between 5 and 200 nm and may be considered as a characteristic length that 
interacts on either side of a fractured surface. When fractured surfaces come in contact 
during healing, the peaks and valleys will most likely not match perfectly at the 
nanoscopic scale, limiting contact and bonding. An applied pressure and temperature 
above Tg allows rearrangement of the surface topography to maximize contact and 
interpenetration at the polymer-polymer interfaces. Upon cooling below Tg, permanent 
mechanical interlocking responsible for strength recovery would occur. A schematic of 
this postulated mechanism is given in Figure 9.5 wherein the presence of a nodular 
fracture morphology enhances mechanical adhesion by ‘velcro-like’ entanglements.  
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Figure 9.5 Schematic of a possible phenomenon for healing at a crack interface where 
adhesive strength may be developed though mechanical interlocking of surface 
topological features.  
1. Cross-linked 
epoxy-amine network 
2. Surface topology 
after fracture 
3. Intimate contact 
between crack 
interfaces 
4. Rearrangement 
of aligned free 
surfaces to cause 
mechanical 
interlocking 
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Using the Einstein diffusion equation 254, 255 as an approximation for the rearrangement 
above Tg of surface features at an average height of 102 nm presumed to be a mean 
displacement responsible for interlocking, the nodule diffusivity would be on the order of 
10-18 m2/s at a measured equilibrium healing time of 55 minutes.  
Recent observations concerning room temperature crack-healing in epoxy thermosets 
using solvents at a crack interface 240 can be explained by a similar mechanisms since a 
localized and temporary lowering of interfacial Tg below ambient temperature in the 
presence of solvents could occur in such a system. It is interesting to note that free 
surfaces of cured epoxy-amine do not exhibit healing when subjected to the same healing 
conditions, indicating that a fractured surface is necessary for interfacial adhesion to 
occur. It will be relevant to carry out experiments on surfaces with controlled 
roughnesses to further quantitatively assess effects on healing behavior.  
 
9.4.2 Healing Behavior at r ≠ 1.  
Figure 9.6 is a plot of the fracture load of virgin specimens before and after first heal 
(Theal = 185ºC, theal = one hour) measured for specimens at different stoichiometric 
compositions. The data shows that the average fracture load of virgin specimens 
increases with increasing amine content from 55 N to 120 N between values of r from 1.4 
to 0.82. The observed trend was consistent with work by VanLandingham et al. 250. 
Following the first healing cycle, this trend in fracture strength with stoichiometry was 
not apparent. Figure 9.7 shows the corresponding healing efficiencies, ε1, of these 
specimens at varying values of r. For values of r between 0.82 and 1.07, ε1 ranges  
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Figure 9.6 Plot of ( ) virgin fracture load, P0 and ( ) fracture load after first heal, P1, at 
different stoichiometric ratios healed at HP, with Theal = 185°C and theal = 1 hour.  
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Figure 9.7 Plot of healing efficiency at first fracture, ε1, at different stoichiometric ratios 
healed at HP with Theal = 185°C and theal = 1 hour.  
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between 50 and 70 percent without a distinct trend. These results indicate that the 
bonding mechanism at the crack interface for these thermosets is not linked to specific 
differences of the polymer network structure arising from the stoichiometry employed but 
appears to be a more general phenomenon associated with epoxy-amine networks.  
In the presence of a large excess of epoxide groups at r = 1.2 and r = 1.4, healing 
efficiencies of 178 ± 56 % and 125 ± 10 % respectively were observed, that is, the 
rehealed interface was stronger than that of virgin specimens. This is most likely due to 
interfacial reactions occurring during the healing cycle. Figure 9.8 shows the generalized 
reaction scheme between epoxy and amines as shown by (1) and (2) resulting in the 
eventual formation of tertiary amine moieties 85. Also included in Figure 9.8 are possible 
side reactions like the high temperature etherification reaction (3) and the related epoxy 
homopolymerization catalyzed by tertiary amines (4) 85, both of which can lead to 
differences in gel times and changes in the cross-link density depending on the cure 
temperature and time schedule. For the cycloaliphatic amine cured DGEBA system, the 
side reactions are negligible during the cure cycle established to prepare samples. For 
specimens with r > 1 however, etherification and homopolymerization reactions (3 and 4) 
can occur particularly at higher temperatures (Theal) since unreacted epoxy groups are 
present. 
Figure 9.9 shows a plot of epoxy group consumption versus time obtained using NIR 
FTIR spectroscopy for an epoxy-amine thermoset with r = 1.2 at isothermal temperatures 
of 150°C, 185°C and 200°C. After three hours of exposure following cure, the 
concentration of the epoxy group decreased to 90 percent of the original concentration at  
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Figure 9.8 Chemical reactions for an epoxy-amine system: (1) epoxide ring opening with 
a primary amine followed by (2) epoxide ring opening with a secondary amine. 
Competing reactions may also take place via (3) etherification at elevated temperatures or 
(4) homopolymerization in the presence of tertiary amines.  
(3) 
(4) 
elevated temperature 
[R3N] 
(2) 
(1) 
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Figure 9.9 Consumption of epoxy groups (4528 cm-1, near infrared spectroscopy) at 
elevated temperatures plotted as a normalized concentration versus time at ( ) 150ºC, 
( ) 185ºC and ( ) 200ºC.  
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150°C, 75 % at 185°C and 55 % at 200°C. The gradual decrease in epoxy group 
concentration with time indicates that a slow reaction occurs. In a similar fashion, 
changes in unreacted amines were monitored for specimens at r < 1. The results did not 
indicate a significant change in concentration to suggest extended consumption of 
amines.  
The occurrence and influence of these reactions was further evaluated by monitoring 
changes in Tg. Figure 9.8 is a plot of Tg evaluated for different stoichiometric ratios and 
post-cure temperatures. For specimens at r = 1.4, the Tg increased from 80ºC for the 
original cured sample to 116ºC after a three-hour exposure at 185ºC and to 118ºC after a 
eight-hour exposure at 200ºC. This observed increase in Tg progressively reduced as r 
approached 1. For specimens at r ≤ 1 exposure to high temperatures for prolonged 
periods of time (200ºC for eight hours) did not significantly alter the Tg. Therefore, the 
high strength gained during first healing for specimens with high excess epoxide groups 
could be associated with etherification and homopolymerization reactions. This suggests 
that built-in secondary reaction mechanisms could be used effectively in the design of 
new self-healing systems.  
Off stoichiometry reactions of epoxy-amine thermosets not only results in lower 
crosslink density and reduced Tg, but also in incomplete reaction and an increased sol 
phase content. In the reaction of a di-epoxy (difunctional) with a di-amine 
(tetrafunctional) the sol phase content increases more significantly when excess epoxy 
rather than a paucity of epoxy is used. For the range of stoichiometry investigated, 
samples prepared at stoichiometry or with excess amine did not produce a measurable  
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Figure 9.10 Tg of epoxy-amine samples at varying stoichiometries evaluated from DSC 
measurements ( ) after original cure schedule, and at ( ) 1 hour at 185°C, ( ) three 
hours at 185°C, ( ) eight hours at 200°C beyond original cure.  
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Figure 9.11 SEC traces of pure EPON®828 and extracts from epoxy-amine samples 
synthesized at r = 1.40, 1.20, 1.07 and 1.00.  
 
234
extractable sol phase. On the other hand, a significant sol phase was observed for samples 
synthesized with excess epoxy. Figure 9.11 shows SEC traces of extracts from epoxy-
amine specimens with r ranging between 1.00 and 1.40 compared to the SEC trace of 
EPON®828. This sol fraction showed a distribution of molecular weights up to a 
maximum of approximately 1000 g/mol based on polystyrene standards. The SEC traces 
also show the sol phase to be richer in DGEBA as r increases. This material was 
sufficiently mobile in the presence of THF to leach out of the polymer network and its 
existence suggests that sol mobility may exist at elevated temperatures. Attempts were 
made to evaluate the weight fraction of the sol by soxhlet extraction in THF followed by 
vacuum drying the samples. Accurate trends indicating weight losses were not possible 
due to significant dipole-dipole interactions between THF and the epoxy-amine network 
142 where complete removal of THF even at elevated temperatures was not possible. 
Several models based on statistical or a combined kinetic-statistical method have been 
developed and used to predict a sol-fraction within a thermosetting network 256, 257. 
Altering reactant stoichiometric ratio alters the sol fraction largely due to changes in the 
availability and chemical nature of reactive sites. Statistical structural models in systems 
cured off-stoichiometry indicate differences in the sol fraction 256, 258 depending on the 
molar excess of epoxy or amine used. Ideal networks tend to exhibit appreciable sol 
fractions beyond 60 percent excess amine concentrations or a 10 percent excess epoxy 
concentration, with substitution effects enhancing this sol formation 258. These 
predictions are supported by results obtained in this work where all excess epoxy 
concentrations had a measurable sol fraction while this was not true for excess amine 
concentrations synthesized up to a maximum of 30 percent. This sol might contain 
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unreacted species 259 or cyclic structures 260 depending on the reactivity or chemical 
structure of monomer units. For DGEBA, it has been shown that cyclic structures are not 
formed 261 due to monomer rigidity and spatial separation between epoxide groups, 
suggesting that the sol contains epoxide bearing monomers and oligomers. For an 
epoxide-rich diffusible sol at r > 1 close to a crack interface, diffusion and reaction of this 
sol at the crack could result in a large concentration of covalent interfacial linkages and 
the large healing efficiencies discussed previously. These results suggest that enrichment 
of a crack interface with such mobile, reactive species may also enhance the crack-
healing behavior of epoxy-amine thermosets. Figure 9.12 shows micrographs of a 
specimen at r = 1.2 with a crack after the first fracture compared to a specimen at r = 1.2 
with a healed crack (HP method, Theal = 185°C, theal =10 min). The fractured specimen 
clearly shows the presence of a crack with an average width of 1.5 μm between the crack 
interfaces. The micrographs for the healed specimens does not show such distinct 
separation between interfaces, but rather indicates that over this short healing times, 
adhesion has been achieved at multiple points along the interface and a distinct crack is 
not visible even at high magnifications. These reactions were expected to alter the time 
dependence of the healing efficiency. Figure 9.13 compares the healing efficiency at the 
first heal cycle for samples at r = 1.2 and r = 0.82 with the case at r = 1.0 discussed 
earlier (in Figure 9.4), for different healing times at Theal = 185ºC. For specimens at r = 
0.82, the healing efficiency, and never regains its original value even after 180 minutes. 
This suggests that interfacial contacts being formed never fully mimics the original 
network even after prolonged surface rearrangements, similar to observations for  
etworks at r = 1.0.  
 
236
 
 
 
 
 
 
 
 
Figure 9.12 SEM micrographs showing the crack interface at r = 1.2 after (top) first 
fracture and (bottom) after the first heal at Theal = 185ºC under HP and theal = 10 minutes 
indicating closure of the crack interface.  
5 μm 
5 μm 
 
237
 
 
 
 
 
 
Figure 9.13 Plot of healing efficiency after the first heal at different theal’s determined at 
first heal for specimens at ( ) r = 1.2, ( ) r = 1, and ( ) r = 0.82. Samples were healed 
at Theal = 185ºC under HP.  
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Figure 9.14 Plot of repeated healing efficiencies determined based on previous fracture 
loads, εn’ for samples at r = (●) 1.2, ( ) 1.0, ( ) 0.88 and ( ) 0.82, at Theal = 185ºC and 
theal = one hour at each cycle under HP.  
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However, at r = 1.2, there is a distinctly higher growth of the healing efficiency with 
theal due to the previously discussed concurrent interfacial reactions. The specimens were 
found to recover their original fracture load within 30 minutes and reached an 
equilibrium value within 60 minutes. Figure 9.13 suggests a trend of a small but 
consistent drop in the healing efficiency for theal beyond 60 minutes which might be due 
to a degradation of epoxy-amine specimens 262 after prolonged exposure to high 
temperatures. The data for r = 1.2 and r = 0.82 also exhibit linear fits to theal½ similar to 
the case for healing at r = 1. This might suggest a characteristic dependence of healing 
time under these conditions for the epoxy-amine systems investigated, although further 
experiments will need to be done to confirm if this is a universal occurrence.  
The ability to heal multiple times observed for a stoichiometric epoxy-amine system 
was also observed off stoichiometry. Figure 9.14 is a plot of healing efficiency based on 
prior load, εn’, measured over four fracture and heal events for specimens with r between 
0.82 and 1.2 where Theal = 185ºC, and theal = 1 hour for each cycle. In all cases except for 
specimens with r = 1.2 on the first heal cycle, the recovered load was lower than the 
virgin fracture load and decreased with each cycle similar to specimens cured at 
stoichiometry (Figure 9.3). Presumably at r = 1.2, the influence of secondary reaction is 
curtailed following the first healing cycle ether by a depletion of free epoxies and/or the 
immobilization of the reactive sol phase. Nevertheless, all samples showed repeated 
healing upon cycling. The plot indicates that εn’ plateaus to a value ranging between 60 
and 80 percent for all stoichiometries and indicates a similar reduction in the ability to 
heal at every fracture cycle. It is possible that for the stoichiometries investigated, every 
fracture event results in a concomitant reduction of surface roughness thereby reducing 
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interfacial surface area and the potential for mechanical interlocking described earlier. 
Thus, the cyclic fracture-healing process would tend to smooth the interface, provided 
damage occurs along the same interface.  
 
9.4.3 Influence of temperature on healing efficiency  
Table 9.4 lists the fracture loads and healing efficiencies of samples after the first 
fracture at r = 0.88, r = 1.0 and r = 1.07. The specimens were healed at HP for one hour 
either at a fixed Theal of 185°C or at Theal = Tg + 20°C and were 165°C, 185°C, and 145°C 
at r = 0.88, 1.0 and 1.07 respectively. The data shows that the healing efficiency increases 
with temperature when Theal > Tg by approximately 20 to 50 percent for all specimens. 
The Tg of a thermoset can be controlled by varying the cross-link density or monomer 
structure for example. Networks in their rubbery state exhibit increased chain mobility 
and lowered moduli when compared to the glassy state and can undergo significant 
deformation under an applied load. If these deformations are at the site of a crack 
interface, this might, in turn, enhance strength recovery at higher temperatures since a 
larger number of contact points will be available for interfacial reactions or interlocking. 
This increase in contact areas at higher temperatures might be linked to macroscopic load 
recovery and appears similar to the dependence of pressure on healing efficiency seen in 
Table 9.3. The results suggest that crack-healing can be altered by varying the 
relationship between Theal and Tg in different polymers whereby crack-healing might be 
designed to occur at lower temperatures.  
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Table 9.4 Fracture loads before and after first heal for specimens at Theal = 185ºC or 
Theal = Tg + 20ºC and theal of one hour at different stoichometric ratios 
 
    Theal = 185ºC Theal = Tg + 20ºC 
r P0 (N) ε1 (%) ε1 (%) 
0.88 91.9 ± 10.5 43 25 
    
1 68.4 ± 8.0 60 54 
    
1.07 73.8 ± 6.5 57 23 
 
9.5 Summary 
The results of this work suggest two distinct mechanisms responsible for healing in 
epoxy-amine thermosets synthesized at (r = 1) or off (r ≠ 1) stoichiometry. For specimens 
at stoichiometry, repeated crack-healing was observed after multiple fracture and heal 
cycles for all specimens without any measurable reaction, extract phase or changes in Tg. 
Healing was hypothesized in this case to be dominated by mechanical interlocking of 
nodular ends of fractured epoxy-amine thermosets, and a ½ power dependence of healing 
time was found to exhibit a linear fit to the data. Similar healing efficiencies were 
observed for specimens at r < 1 and at r = 1.07, and indicated that mechanical 
interlocking might be a common phenomenon in fractured epoxy-amine thermosets. 
Specimens at r >> 1 showed a healing efficiency greater than 100 percent. This was 
attributed to a second mechanism of covalent bond formation due to polyetherification or 
homopolymerization reactions at a crack interface in the presence of unreacted epoxy 
groups. In addition, a measurable mobile sol fraction was observed for specimens at r > 
1, suggesting enrichment of a crack interface with reactive epoxide groups. Such 
reactions increased the overall healing efficiency at healing times comparable to 
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specimens at r ≤ 1. Specimens investigated at all stoichiometries exhibited repeated 
regain in healing efficiencies, although with a continuously decreasing value of healing 
efficiency which was suggested to be due to changes in the interfacial surface area 
responsible for interlocking.  
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK 
 
10.1  Overall Summary 
The overarching theme of this work has been to investigate methods of combining 
hydrophilic and ionic groups with hydrophobic, non-ionic polymeric materials. This was 
done in order to combine the mechanical strength of hydrophobic polymers with the 
functionality of ionic groups. Several applications are possible within this framework and 
have been outlined in Figure 1.1. This dissertation has developed mechanisms at 
molecular and mesoscopic length scales with several novel findings. A brief summary of 
the overall scheme developed was presented first, followed by specific findings and 
novelty of the work in each section.  
At the molecular scale, thermoset functionalization was discussed using three different 
techniques. Chapter 2 discussed the concept of utilizing nanoporous epoxy-amine 
thermosets as a hydrophobic template onto which sulfonic acid groups may be grafted. 
Such a grafting technique introduces hydrophilic groups into the network structure. 
Chapters 3 and 4 investigated the aspect of copolymerizing hydrophobic and hydrophilic 
monomers (VE and AMPS respectively) in the presence of DMF as a common solvent. 
The balancing of hydrophobic and hydrophilic units as well as control over the solvent 
fraction resulted in distinct variations of porosity, water uptakes, proton conductivity and 
thermomechanical characteristics. These findings were linked to a potential application in 
fuel cells by evaluating appropriate performance metrics. Chapter 5 investigated the 
aspect of incorporating ionic liquids within epoxy thermosets. This was carried out by 
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using the ionic liquid as either an initiating species for epoxy polymerization or as a non-
reactive plasticizer for an epoxy-amine thermoset.  
The next aspect discussed was developing polymer systems where property 
modification was accomplished over mesoscopic length scales. Chapters 6 and 7 
discussed the potential of using polymer fibers as templates over which functional groups 
can be grafted to achieve thin and uniform polysiloxane or AMPS coatings. A potential 
application is as selective permeation membranes. Several techniques were evaluated to 
fabricate such meso and nano fiber-thermoplastic matrix composites. Following this, 
relationships between composite structure and properties (such as vapor permeability and 
conductivity) were ascertained. Fabrication of polymer-polymer composites was 
continued in chapter 8 by investigating methods to incorporate self-healing characteristics 
within thermosetting materials. Nanoporous ionomer structures were developed and 
characterized and subsequently backfilled with a thermoset to fabricate ionomer-
thermoset composites. Since these composite structures are two component systems, it is 
necessary to quantify the individual healing characteristics of the ionomer and the 
thermoset. Results indicated significant healing characteristics of unmodified epoxy-
amine thermosets, i.e. prior to incorporation of specific healing agents. A fundamental 
understanding of the healing mechanism was developed for these epoxy-amine 
thermosets in order to better evaluate reasons behind the observed mechanism.  
The following sections describe specific conclusions drawn from each study and the 
associated novel contributions.  
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10.2  Copolymerization of Vinyl Ester and AMPS: Kinetic studies and Membrane 
Properties 
Novel copolymer systems based on a combination of hydrophobic and hydrophilic 
commoners of VE and AMPS respectively were synthesized to obtain well-dispersed and 
mechanically stable copolymers via a thermally initiated, free radical copolymerization 
scheme. A method to track the methacrylate-acrylate reaction system using near infrared 
spectroscopy was developed for the first time and found to be useful in studying 
copolymerization kinetics. This may be extended to study reactions in other similar 
copolymerizing methacrylate-acrylate systems. Reactivity ratios computed from such a 
kinetic analysis indicated a random copolymer structure being formed for the investigated 
comonomer ratios and thermomechanical analysis indicated glass transition temperatures 
above 120°C. From an analysis of copolymer Tgs, two simultaneous effects were found to 
be prevalent. Increasing solvent fractions and small increases in AMPS contents both 
indicated slight increases in the Tg. This was suggested to be due to increased 
accessibility of VE microgels resulting in increased ultimate conversions. Comparisons 
between supercritical CO2 drying and thermal drying techniques were also found to 
influence thermomechanical behavior where a higher concentration of a plasticizing 
fraction was present in thermally dried copolymers.  
The use of supercritical CO2 for solvent removal resulted in the introduction of porosity 
as a tunable property with pore sizes that reflect the solvent weight fraction initially used. 
At a solvent fraction of 80 wt. %, average pore sizes determined from microscopy were 
60 nm. The porosity was found to alter the water uptake behavior of the membranes by 
causing an accumulation of freezable water within the pore volume while not affecting 
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the non-freezable water fraction. Investigation of the association of water with sulfonic 
acid groups showed that the freezable water fraction was strongly affected by the 
membrane pore volume, while the non-freezable water fraction was dependent on the 
sulfonic acid group concentration. Comparisons between copolymer membranes and 
AMPS monomer units were made to determine the effect of copolymer structure on the 
association of water in terms of the non-freezable water per mol of sulfonic acid, λnon-fr. 
The increased sulfonic acid group concentration was found to lower λnon-fr in a manner 
similar to that of AMPS monomer units. An increasing value of ion exchange capacity 
corresponded to an increased conductivity, although changes with the solvent fraction 
(and corresponding water uptakes) were not apparent. To account for the contributions of 
structure on conductivity, the effective proton mobility was used to link proton 
conductivity with the concentration of sulfonic acid groups in the hydrated state. The 
results indicated trends for the increase in proton mobility at large volume fractions of 
water. Comparison of this work to other sulfonated polymers shows promise in using 
proton mobility as a parameter to compare proton transport in various membranes and 
thus elucidate the effects of structure on mobility. This is discussed further as 
recommended work to link different types of proton conductive membranes using the 
proton mobility. Preliminary analysis in a fuel cell system showed that performance was 
strongly related to the mechanical stability of the membrane and implies that it would be 
feasible for future studies to optimize mechanical performance and conductivity to 
improve fuel cell performance.  
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10.3  Ionic liquids in Epoxy Thermosets – Novel Latent Initiators 
Epoxy thermoset functionalization was achieved in a novel manner by using ionic 
liquids as network modifiers. This work has shown that specific ionic liquids can 
surprisingly be used as both initiators for epoxy chain polymerizations and as additives 
for amine-cured epoxies.  
Using [emim]N(CN)2 as a miscible and thermally latent initiator, it was determined that 
the glass transition temperature, modulus and hydrophilicity were tunable parameters 
depending on the concentration of ionic liquids used. Variations in epoxide reactivity 
with the concentration of ionic liquid were observed, and possible reaction mechanisms 
were suggested. A network structure that consists of a cross-linked polymer attached to 
an ionic liquid with bulky counterions within the network is contemplated at this point. 
Non-reactive, but soluble, ionic liquids were also used as non-volatile network 
plasticizers to vary the Tg of the epoxy-amine thermoset. The results suggest that specific 
properties attributable to the RTIL can be incorporated within the polymer network 
through the dispersion of ionic liquids. The development of such RTIL-thermoset 
composites is being investigated in greater detail in different systems as well 208.  
 
10.4  Fiber-thermoplastic matrix composites 
Several key aspects were investigated within the concept of fabricating polymer-
polymer composites based on encapsulating a fiber mat within a thermoplastic matrix. 
The concept was divided into aspects of combining either hydrophobic PSF fibers with 
grafted AMPS groups or hydrophilic PAA/Nafion® fibers within a Nucrel® or Surlyn® 
matrix. The first task involved ensuring uniform coatings on PSF fibers could be 
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obtained. This was accomplished by using O2 plasma treated PSF nanofibers as templates 
on to which polysiloxane groups were grafted, followed by removal of the PSF fiber core. 
This procedure resulted in the formation of tubular nanostructures and was used as an 
indirect method to evaluate the efficacy of grafting. This synthetic procedure is 
applicable to a variety of substrate forms as well as being able to attach specific 
functional groups such as the vinyl groups using organosilane chemistry described in this 
work. 
Since uniform grafting was ascertained, AMPS units were grafted onto PSF fibers to 
obtain AMPS-g-PSF fibers. Controlled thicknesses and uniform coatings of AMPS were 
quantified using a combination of thermogravimetric analysis and conductivity 
measurements. Encapsulation within a Nucrel®535 matrix using a hot press method 
showed significantly improved interfaces between the fiber and matrix phase compared 
to a non-plasma treated PSF fiber mat. Significant improvements in vapor transport 
characteristics were not attainable, and were attributed to the presence of a skin layer of 
Nucrel®535 on the membrane surface. Subsequent composites were prepared to ensure 
removal of the skin layer using a solution casting technique. Fiber-thermoplastic matrix 
composites of PAA/Nafion® encapsulated within Surlyn®8120 were investigated using 
this method. The technique resulted in adequate interfacial wetting, interfiber 
connectivity and surface exposure; although fiber morphology degradation was an issue 
to be investigated. Nevertheless, the results indicate that this procedure can be extended 
to other fiber/matrix systems. It is a robust technique and is further discussed in the 
recommended work for a polypropylene fiber/Surlyn® system.  
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10.5  Self-Healing Thermosets 
Ionomer-thermoset composites were evaluated to study the self-healing characteristics 
of these systems. The fabrication of nanoporous Nucrel® from solvent encapsulated 
thermoreversible physical gels of Nucrel® in THF was evaluated and possible 
mechanisms for gelation were hypothesized to be due to crystallization of a polyethylene 
fraction around THF solvent pockets. Nanoporous linear polymers prepared from 
different concentrations in THF had open, bicontinuous pore structures. Composites of 
nanoporous Nucrel®535 and DVE were fabricated and results indicated the possibility of 
preparing polymer-polymer composites with well-wetted interfaces. Significant mobility 
of the linear polymer was observed upon thermal treatment of the composite, suggesting 
that crack-filling might occur by migration of a linear polymer phase upon heating of a 
damage zone.  
The healing behavior in such composite systems needs to be separated into healing 
effects due to constituent components. It is known that Nucrel® can undergo crack-
healing characteristics, while it is not known to what extent healing can occur in an 
unmodified thermoset. This was investigated by probing the healing behavior of 
thermosets prior to incorporation of a linear polymer phase. Novel insights were obtained 
for the crack-healing behavior in epoxy-amine thermosets. The results suggest two 
distinct mechanisms responsible for healing in epoxy-amine thermosets synthesized on (r 
= 1) or off (r ≠ 1) stoichiometry. For specimens at stoichiometry, repeated crack-healing 
was observed after multiple fracture and heal cycles for all specimens without any 
measurable reaction, extract phase or changes in Tg. Healing efficiencies upto 60 percent 
were observed. Healing was hypothesized in this case to be dominated by mechanical 
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interlocking of nodular ends of fractured epoxy-amine thermosets and a ½ power 
dependence of healing efficiency on healing time was observed. Similar healing 
efficiencies were observed for specimens at r < 1 and at r = 1.07, and indicated that 
mechanical interlocking might be a common phenomenon in fractured epoxy-amine 
thermosets. Specimens at r >> 1 showed a healing efficiency greater than 100 percent. 
This was attributed to a second mechanism of covalent bond formation due to 
polyetherification or homopolymerization reactions at a crack interface in the presence of 
unreacted epoxy groups. In addition, a measurable mobile sol fraction was observed for 
specimens at r > 1, suggesting enrichment of a crack interface with reactive epoxide 
groups. Such reactions increased the overall healing efficiency at healing times 
comparable to specimens at r ≤ 1. Specimens investigated at all stoichiometries exhibited 
repeated regain of strength, although with a continuously decreasing value of healing 
efficiency, which was suggested to be due to changes in the interfacial surface area 
responsible for interlocking. The insights derived for such a baseline system will allow 
for the improvement of healable/mendable systems so that such characteristics may be 
incorporated at ambient temperatures and with the help of confined adhesive 
characteristics.   
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10.6  Insights and Recommended Work 
This section develops some insights that have been gained through the results of this 
work along with possible future studies that may be carried out.  
 
10.6.1 Correlation between Proton Conductivity and Polymer Structure 
The first objective is a method to link the proton conductivity evaluated at different 
length scales to the structure of the polymer. Figure 4.10 showed that membranes with 
different configurations of sulfonic acid groups and pore structures could be linked 
through an effective proton mobility to account for the dilution of the acid group 
concentrations in the hydrated state. In addition to such porous copolymer membranes 
(discussed in chapter 4), three different proton conductive structures evaluated so far are 
listed and will be related to the conductivity and proton mobility 
1. Sulfonic acid groups grafted on hydrophobic fibers (AMPS-g-PSF - chapter 7): In this 
case, AMPS units are grafted along a fiber surface. The localization of groups in this 
fashion provides a proton conductive pathway only along the fiber surface, while the 
hydrophobic core is a non-conductive structural element. The volume fraction of 
water within the membrane is dependant on the concentration of hydrophilic sulfonic 
acid groups and the void interfiber volume where water can accumulate. Both these 
factors control proton conductivity and mobility.  
2. Fiber-thermoplastic matrix membranes (PAA/Nafion®-e-Surlyn® - chapter 7): In this 
case, proton conductive ionic species are blended within a fiber volume, which is then 
encapsulated within a non-conductive matrix phase. In this case, the matrix phase is 
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the non-conductive unit while the entire fiber allows for proton transport. This 
method results in studies where the influence of fiber concentration, fiber 
connectivity, wettability between the fiber and matrix phases, and varying 
concentrations of a non-conductive phase can be evaluated to control proton 
conductivity and mobility.  
3. Monomer and homopolymer units (AMPS or poly(AMPS)): The effects on 
conductivity in the absence of structure can be evaluated by determining the 
conductivity of sulfonic acid group containing monomers such as AMPS at varying 
concentrations in water. The effects of chain entanglements on macromolecular 
structure and resulting proton transport can be sequentially incorporated by then 
investigating poly(AMPS) at varying degrees of polymerization.  
 
The listed structures suggest that a wide variation in structural effects can be evaluated 
on the basis of constraining sulfonic acid groups in different geometries and determining 
the concentration of the sulfonic acid groups. The proton conductivity or mobility of each 
structure can be evaluated on the basis of either the concentration of sulfonic acid groups 
in the hydrated state or the volume fraction of water. It is important to consider the 
concentration of sulfonic acid groups in the wet state since an increasing degree of 
dilution suggests an increasing average spatial separation distance between each group. 
This should influence conductivity when proton hopping is an important transport 
mechanism. Figure 10.1 shows a plot of conductivity as a function of the overall 
concentration of available sulfonic acid groups for each structure, that is, the ion 
exchange capacity in the wet state, IECwet (concentration of –SO3H per g of water 
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equilibrated polymer). The data indicates that when the sulfonic acid group is present 
with a non-conductive hydrophobic polymer phase, significant drops in conductivity 
occurs for each system. A general trend is observed where the higher sulfonic acid 
concentrations results in higher proton conductivities. In the absence of non-conductive 
structural units and concomitant structural effects, the AMPS monomer or poly(AMPS) 
homopolymer exhibit more dramatic variations in conductivity. The data show that even 
at low IECwet, these systems exhibit large and similar values of absolute conductivities 
when compared to other polymer structures. This is clearly indicative of the strong effects 
of structure and hydration on conductivity since the comparisons between each polymer 
system is based on relative changes in the hydrated sulfonic acid group concentration 
alone.  
Similarly, the concentration of water can be considered as the controlling factor 
between each membrane and can be used to evaluate membrane properties. Figure 10.2 
is a plot of the proton mobility for each polymer structure versus the volume fraction of 
water present. The data indicates a general trend where proton mobility increases with the 
volume fraction of water for each membrane. In the case of a fiber-thermoplastic matrix 
composite membrane, large drops in mobility corresponding to the changes in the 
conductivity and increases in the non-conductive phase were observed. Interestingly, the 
mobility for the AMPS and poly(AMPS) systems exhibit values around that of a proton 
in water at infinite dilution (3.62 × 10-3 cm2 s-1 V-1). At an equivalent volume fraction of 
water, there is a definite lowering of the mobility in poly(AMPS) as compared to the 
AMPS monomer. This result suggests that structural constraints due to chain 
entanglement are reflected within a lowered mobility.  
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Several experiments can be used to further develop and confirm these observations. The 
loss in mobility due to cross-linking of VE with AMPS may be confirmed by blending 
non-crosslinked, hydrophilic analogues of VE with poly(AMPS) at different proportions 
between the two. Such a comparison might indicate clearly the effects of cross-linking on 
proton mobility. It will also be worthwhile to consider the effects of molecular weight on 
the conductivity of poly(AMPS). In such a case, it is hypothesized that tradeoffs between 
the concentration of sulfonic acid groups and the connectivity between sulfonic acid will 
be observed.  
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Figure 10.1 Plot showing the proton conductivity evaluated at different IECwet for 
membranes at a VE:AMPS molar ratio of ( )1:2, ( ) 1:1, ( ) 2:1, ( ) Nafion®117, 
( ) PAA/Nafion®-e-Surlyn® composites, ( ) AMPS-g-PSF fibers, ( ) AMPS 
monomer and ( ) poly(AMPS); indicating distinct differences of proton conductivity 
linked to variation in structure, sulfonic acid group concentration and water content.  
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Figure 10.2 Plot showing the proton mobility as a function of the volume fraction of 
water for membranes at a VE:AMPS molar ratio of ( )1:2, ( ) 1:1, ( ) 2:1, ( ) 
Nafion®117, ( ) PAA/Nafion®-e-Surlyn® composites, ( ) AMPS-g-PSF fibers, ( ) 
AMPS monomer and ( ) poly(AMPS); indicating differences in proton mobility in 
relation to the water content for each system.  
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10.6.2  Fiber-Thermoplastic Matrix Composites 
Chapter 7 described the solution casting method of preparing PAA/Nafion®-e-Surlyn® 
fiber-thermoplastic matrix composites. This method can be extended to different fibers 
such as polypropylene as suggested in chapter 7. The clear control over the skin layer, 
fiber connectivity and adhesion between the fiber and matrix is clearly exhibited in a 
system comprised of polypropylene fibers and a Surlyn®8120 matrix. Figure 10.3 and 
Figure 10.4 shows micrographs of polypropylene-e-Surlyn® composites prepared from a 
4 wt. % Surlyn®8120 solution. The micrographs compares composites that were prepared 
as is, or after annealing for one hour at 125°C. The micrographs indicate that a higher 
weight fraction of Surlyn® results in a larger skin layer on either side of the 
polypropylene fiber. The micrographs suggest that annealing might result in the loss of 
surface exposure of fiber mats by possible migration of the Surlyn® towards the surface. 
It is apparent from the micrographs that this Surlyn® skin layer can be controlled by 
altering the concentration of Surlyn®.  
Since polypropylene appears to be a viable candidate, a similar AMPS grafting 
procedure can be evaluated on polypropylene fiber mats. Figure 10.5 shows thermal 
decomposition profiles of AMPS-g-polypropylene fiber mats using the same procedure 
described in section 7.2.5 but plasma treated at different times and dried out at room 
temperature. The decomposition profiles are from the AMPS-g-PSF fiber mats, 
suggesting that plasma treated PP fiber mats might be undergoing chain decomposition 
after plasma treatment and grafting. This was also qualitatively suggested by the highly 
increased brittleness of the fiber mats if dried at elevated temperatures after AMPS was 
grafted.  
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In any event, the data suggests that the solution casting procedure developed can be 
extended to compatible fiber mats. In the case of polypropylene, it is suggested that it 
will be useful to evaluate a grafting procedure where AMPS can be grafted onto a 
polyolefin fiber such as polypropylene which can subsequently be encapsulated within a 
thermoplastic matrix.  
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Figure 10.3 SEM micrographs of cross-sections of polypropylene-e-Surlyn®8120 
composite membranes prepared by the solution casting technique from a 4 wt. % Surlyn® 
solution showing (top) as prepared and (bottom) annealed composites.  
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Figure 10.4 SEM micrographs of top surfaces of polypropylene-e-Surlyn®8120 
composite membranes prepared by the solution casting technique from a 4 wt. % Suryln® 
solution showing (top) as prepared and (bottom) annealed composites.  
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Figure 10.5 Thermal decomposition profiles of ( ) virgin polypropylene, ( ) plasma 
treated (for 240s) polypropylene, AMPS grafted on plasma treated polypropylene with 
treatment times of ( ) 30 s, ( ) 60 s, ( ) 120s and ( ) 240 s..  
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APPENDIX A: VE:AMPS COPOLYMER MEMBRANES 
 
Dynamic Mechanical Analysis: film tension geometry 
Typical sample parameters under film tension clamps are listed in Table A1. Care 
should be taken while using the grip torque as sample breakage or deformation may occur 
under high loads. Typical loss modulus, storage modulus and tan delta curves are shown 
in Figures A1 through A4. 
 
Table A1. Typical parameters used in the DMA analysis of epoxy-amine-THF 
gels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Typical sample dimensions 
(length × width × thickness) 
7 mm x 2 mm x 0.5 mm 
Frequency 1 Hz 
Pre-load force 0.01 N 
Amplitude 5 μm 
Temperature ramp rate 2 °C/min 
Grip torque 2 in-lb 
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Figure A1. Representative plots of storage modulus and tan delta obtained by dynamic 
mechanical analysis on specimens of pure VE828 and at VE:AMPS ratios of 1:0 at 
solvent fractions of 50, 67 and 75 wt. %.  
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Figure A2. Representative plots of storage modulus and tan delta obtained by dynamic 
mechanical analysis on specimens at a VE:AMPS ratios of 2:1 at solvent fractions of 50, 
67 and 75 wt. %. 
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Figure A3. Representative plots of storage modulus and tan delta obtained by dynamic 
mechanical analysis on specimens at a VE:AMPS ratios of 1:2 at solvent fractions of 50, 
67 and 75 wt. %.  
 
282
 
 
 
 
 
 
z
z
z
z
z
z
z
z
z
z
z
z z
 






   
 






   
} }
}
}
}
}
}
}
} } } }
z
z
z
z z z z
z
z
z
z
z
z
z
z
z
z
z
zzz
z
  
 












 

 





 







}
} } }
}
}
}
}
}
}
}
}
}
}
}
}
}}}}}
0.1
0.2
Ta
n 
D
el
ta
0
500
1000
1500
2000
2500
St
or
ag
e 
M
od
ul
us
 (M
Pa
)
0 50 100 150 200 250
Temperature (°C)
z––––––  VE828
 – – –     vad111
–––– ·    vad112
}–– – –    vad113
 
Figure A4. Representative plots of storage modulus and tan delta obtained by dynamic 
mechanical analysis on specimens of pure VE828 and at VE:AMPS ratios of 1:1 at 
solvent fractions of 50, 67 and 75 wt. %.  
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Figure A5. Second order fit of molar ratio of VE to AMPS versus peak position at a 
solvent fraction of 50 wt. %. 
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Figure A6. Second order fit of molar ratio of VE to AMPS versus peak position at a 
solvent fraction of 75 wt. %. 
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Figure A7. Cross-section of a VAD-21-80 membrane indicating the porous morphology 
induced by solvent removal using supercritical CO2.  
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Computing μeff for VAD copolymer membranes 
The sulfonic acid group concentration (mmol –SO3H per cc of hydrated copolymer) in 
each membrane in the hydrated state is computed as  
copolymer
copolymerdry
gVol
IEC
HSO
|
|
3 /
)( =−  
where the IEC|dry (mmol –SO3H per g of copolymer) is known for each copolymer 
membrane. The volume per gram of copolymer (cc/g) in the hydrated state is computed 
as 
copolymer
f
fcopolymer
w
wgVol
|
|
)1(
/
ρ
−
+=  
where wf is the weight fraction of water in each membrane and ρ is the copolymer 
specific gravity (g/cc). Knowing these two values for the membranes, the proton 
mobility, μeff, of each membrane can then be calculated as 
)( 3 HSOF
eff
−
=
σμ  
where σ is the proton conductivity and F is Faradays constant (96485 coulomb/mol). 
 
The same procedure is used for the PAA/Nafion® composites, AMPS monomer and 
poly(AMPS). The IEC|dry is computed for each individual system. In the case of the 
AMPS-g-PSF fibers, the volume per gram of the proton conductive grafted fibers is 
computed from the measured thickness and weight of each membrane. Thus 
PSFgAMPS
PSFgAMPS Weight
AreaThicknessgVol
−−
−−
×
=
|
|/  
where the area of contact between electrodes is 1.22 cm2.  
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Table A2. Structural units in VE and AMPS monomers and corresponding group 
increments of mass, Mi and Van der Waals volume, Vwi 
 
 
Structural 
groups 
M  
g mol-1 
Vw 
cm3 mol-1 
C
H2  14.03 10.23 
CH
CH3
CH3
CH3  
28.05 20.45 
O
O
 
44.01 15.2 
OHCH
 
30.03 14.8 
 
76.09 43.3 
O  16 5.5 
NH
O  43.03 13 
S
O
O  
64.06 20.3 
OH  17.01 8.0 
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Table A3. Densities of VAD copolymers computed using group increments of mass 
and Van der Waals volumes for different molar ratios of VE to AMPS 
 
VE:AMPS  Ρ g cm3 
1:0 1.13 
2:1 1.18 
1:1 1.20 
1:2 1.22 
0:1 1.26 
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Figure A8. Representative DSC thermograms of water equilibrated VAD copolymers at 
VE:AMPS molar ratios of 2:1 and solvent fractions of 50, 67, 75, 80 and 83 wt. %. 
Curves are endo down and offset for clarity.  
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Figure A9. Representative DSC thermograms of AMPS monomer at different 
concentrations in water and free water. Curves are endo down and offset for clarity.  
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Figure A10. Representative DSC thermograms of water equilibrated VAD copolymers at 
VE:AMPS molar ratios of 1:1 and solvent fractions of 50, 67, 75, 80 and 83 wt. %. 
Curves are endo down and offset for clarity.  
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APPENDIX B: THERMOSET FUNCTIONALIZATION USING IONIC 
LIQUIDS 
 
Table B1. Chemical Structures of ionic liquids used in this work 
Anion Cation Ionic Liquid 
NN +
 
N(CN)2
-
 
1-ethyl 3-methyl imidazolium 
dicyanamide 
NN +
 
BF4
-
 
1-ethyl 3-methyl imidazolium 
tetrafluoroborate 
NN +
 
O S
O
O
O-
 
1-ethyl 3-methyl imidazolium  
ethyl sulfate 
NN +
 
S
O
O
O-
1-ethyl 3-methyl imidazolium  
tosylate 
N
+
 
N(CN)2
-
 
1-butyl-3-methyl-pyrridinium 
dicyanamide 
N
+
 
N(CF3SO2)2
-
 
1-butyl-3-methyl-pyrridinium 
bis(trifluoromethylsulfonyl)imide 
N
+
Me
Me
Me
 
N(CF3SO2)2
-
 
Cyclohexyltrimethylammonium 
bis(trifluoromethylsulfonyl)imide 
 
293
S
Et
Et Et
 
+
 
N(CF3SO2)2
-
 
triethylsulfonium  
bis(trifluoromethylsulfonyl)imide 
NN +
 
Cl - 
1-hexyl-3-methyl-imidazolium  
chloride 
 
Figure B1. Chemical structures of ionic liquids used in this work.  
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Table B2. Ionic liquids (in terms of cation/anion pairs) tested for solubility in 
EPON®828. Physical property data obtained from Solvent Innovation GmbH, 
Germany data sheet 
 
 
emim: 1-ethyl-3-methyl-imidazolium; bmPy: 1-butyl-3-methyl-pyridinium; chtma: 
cyclohexyltrimethylammonium; tes: triethylsulfonium; hmim: 1-hexyl-3-methyl-
imidazolium; N(CN)2: dicyanamide; TFSI: bis(trifluoromethylsulfonyl)imide; Cl: 
chloride.  
 
 
 
 
Cation * Anion * 
Conductivity
(mS cm-1) 
Miscibility
(water) 
M.P. pH
emim BF4 16.18 Y 15 3.98
emim ethylsulfate 3.70 Y RTIL 7.75
emim tosylate 18.91 Y 32 5.34
emim N(CN)2 24.3 Y RTIL 8.77
bmPy N(CN)2 9.05 Y RTIL 6.46
bmPy TFSI 2.74 N RTIL n/a
chtma TFSI - N Solid n/a
tes TFSI 6.89 N RTIL n/a
hmim Cl 0.027 Y RTIL 3.18
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Figure B2. Storage and loss modulus plots for epoxy-amine thermosets cured at 
stoichiometry and cured at stoichiometry in the presence of an IL, [emim](Ethyl Sulfate) 
(at increasing concentrations, 1Æ4).  
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Figure B3. Storage and loss modulus plots for epoxy-amine thermosets cured at 
stoichiometry and cured at stoichiometry in the presence of an IL, [emim](tosylate) (at 
increasing concentrations, 1Æ4).  
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Figure B4. Storage and loss modulus plots for epoxy-amine thermosets cured at different 
stoichiometric ratios. 
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APPENDIX C: FIBER-THERMOPLASTIC MATRIX COMPOSITES 
 
 
 
 
Figure C1. SEM micrographs of hot pressed PAA/Nafion® (4:1) fiber mats (125°C, 10 s) 
at increasing magnification. 
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Figure C2. ATR-FTIR spectra of plasma treated and VTMS grafted PSF fiber mats 
indicating the incorporation of the Si-C=C stretch at 970 cm-1 80. 
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